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MICROBANDED MANGANESE FORMATIONS: PROTOLITHS IN THE
FRANCISCAN COMPLEX, CALIFORNIA

By J. STepHEN HUEBNER and MARTA J.K. FLOHR

ABSTRACT

The Buckeye manganese deposit, 93 km southeast of San Francisco
in the California Coast Ranges, preserves a geologic history that
provides clues to the origin of numerous lenses of manganese carbon-
ate, oxides, and silicates that oecur with interbedded radiolarian chert
and metashale of the Franciscan Complex. Compositionally and miner-
alogically laminated Mn-rich protoliths were deformed and dismem-
bered, in a manner that mimics in smaller scale the deformation of the
host complex, and then were incipiently metamorphosed at blueschist-
facies conditions. Eight phases occur as almost monomineralic proto-
liths and mixtures: rhodochrosite, caryopilite, chlorite, gageite, taney-
amalite, braunite, hausmannite, and laminated chert (quartz).
Braunite, gageite, and some chlorite and caryopilite layers were
deposited as gel-like materials; rhodochrosite, most caryopilite, and at
least some hausmannite layers as lutites; and the chert as turbidites of
radiolarian sand. Some gel-like materials are now preserved as trans-
parent, sensibly isotropic relics of materials that fractured or shattered
when deformed, creating curved surfaces. In contrast, the micrites
flowed between the fragments of gel-like materials.

The orebody and most of its constituent minerals have unusually
Mn-rich compositions that are described by the system MnO—SiO,—
0,—C0,—H,0. High values of Mn/Fe and U/Th, and low concentra-
tions of Co, Cu, and Ni, distinguish the Buckeye deposit from many
high-temperature hydrothermal deposits and hydrogenous or diage-
netic manganese and ferromanganese nodules and pavements. This
chemical signature suggests that ore deposition was related to fluids
from the sediment column and seawater. Tungsten is associated
exclusively with gageite, in concentrations as high as 80 parts per
million. The source of the manganese is unknown; because basalts do
not occur near the deposit, it was probably manganese leached from the
sediment column by reducing solutions. Low concentrations of caleium
(CaO approximately 0.6 weight percent) suggest that the host sedi-
ments formed beneath the carbonate-compensation depth.

The most probable cause of the microbanding is changing proportions
of chemical fluxes supplied to the sediment-seawater interface. The
principal fluxes were biogenic silica from the water column, carbon
dioxide from organic matter in the sediment column, O, and other
seawater constituents, and Mn*2-bearing fluid. The presence of Al,O,
and TiO, (supplied by a detrital flux) in the metashale but not the ore
lens suggests rapid ore deposition. Material supply-rate changes were
probably due to a complex combination of episodic variations in the
hydrothermal flux and periodie flows of radiolarian sand (silica and CO,
fluxes) that may be related to climate variations.

Manuscript approved for publication, April 4, 1989.

The processes that form recent marine hydrothermal mounds may be
the same as processes that formed the Buckeye deposit. Features
common to both include the presence of Mn-oxyhydroxide crusts
(corresponding to the Buckeye orebody), a large Mn/Fe ratio, low
abundances of most minor elements, and small size. The most impor-
tant differences are the absence of rhodochrosite and manganese
silicates, interlayered with oxide, and the absence of adjacent chert in
the contemporary deposits. These differences may be due to an absence
of the debris of siliceous pelagic organisms, which accumulated in the
Buckeye palecenvironment. Periodie turbidity flows of chert-forming
radiolarian sand could provide the changes in the fluxes of silica and
organic matter necessary to form manganese carbonate and silicates.
Turbidity flows of graywacke indicate proximity to an environment
with high relief. A possible paleodepositional environment is an oceanic
spreading center approaching a continental margin at which subduetion
occurred.

INTRODUCTION

This report documents our initial effort to understand
the origin and metamorphism of banded sedimentary
manganese formations. The term “manganese forma-
tion” (Huebner, 1976) was specifically chosen to empha-
size the similarities in mineralogy and texture that are
shared by iron formations, such as the Biwabik of
Minnesota and the Hammersley of Australia, and some
manganese deposits of the Pacific coast region of the
United States. In this paper we will describe the petro-
graphic, mineralogical, and chemical characteristics by
which a family of sedimentary protoliths can be recog-
nized and will speculate upon their depositional environ-
ment, thereby creating a deposit model.

Hundreds of supergene manganese-oxide pods in
chert-graywacke terrains of California were prospected
during the First and Second World Wars. At first, only
supergene oxides could be used as metallurgical-grade
oxide ore, so mining of a deposit ceased when the deposit
was completely mined or when carbonate and silicates,
rather than oxides, were encountered. When it became
economic in the 1940’s to use rhodochrosite, mining in the
larger deposits exposed manganese carbonate, silicates,
and primary oxides, all precursors of the supergene
oxides. It is these precursors that are the subject of this

paper.
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As a group and as individual deposits, the manganese
orebodies of California are well documented. Trask and
others (1943), Trask (1950), and Trengrove (1960)
described the location, occurrence, and production of
hundreds of deposits. Taliaferro and Hudson (1943),
Crerar and others (1982), and Hein and others (1987)
proposed origins for these deposits. We chose to inves-
tigate the Buckeye mine, the second largest producer of
manganese in California, because its primary (sedimen-
tary or metamorphic) ore is exposed, the deposit is
believed to be representative of many deposits in the
California Coast Ranges, and an extensive collection of
specimens was available as a result of the work of
Huebner (1967). Although most ore had been removed
(the walls of the enclosing chert are exposed), the north
orebody and a nearby prospect-adit were sampled in 1963
(fig. 1). Samples were also obtained from piles of ore
during the summer of 1963 and from surface outcrops
during 1965.

The nomenclature of manganese-rich phases, particu-
larly the sheet silicates, is arcane but need not be so
because many of the Mn phases have compositions anal-
ogous to those of better known Mg or Fe minerals.
Because a major purpose of this report is to present
criteria for recognition of similar deposits, we summarize
in table 1 the Mn minerals that are mentioned below or
that we sought and list the corresponding Mg, Fe, and Al
endmembers. In compiling this list, we used mineralog-
ical summaries (Fleischer, 1981, 1987; Fleischer and
Schafer, 1981, 1983) and their cited references. A
detailed discussion of the crystal chemistry of the phases
that we observed follows the discussion of the lithologies.

The term “gel-like” is used in this paper to deseribe
materials that resemble the less-than-0.1-pm fine-clay
fraction from Lake Abert, Oregon (separated from sam-
ple 23de of Jones and Weir, 1983), which we have been
able to examine. This material is pale brown, transpar-
ent, flows if deformed slowly, and fractures if deformed
rapidly or shocked by striking a plastic container that
contains the gel-like material upon a hard surface.
Because these gel-like materials are largely crystalline,
albeit extremely fine grained, they would be expected to
have compositions similar to those of their mineral
constituent and to recrystallize (coarsen) to form monom-
ineralic or polymineralic layers, depending upon their
initial mineralogy.
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of the project’s revival at the U.S. Geological Survey
(USGS). The continuing dedication of J.J. McGee of the
Reston Microprobe Laboratory made feasible the collee-
tion of the many microprobe analyses by Flohr. B.F.
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than-0.2-pm smectite gel reported in Jones and Weir
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the USGS chemical analysis laboratories who turned our
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FIGURE 1.—Geologic map and sample locations. A, Distribution of
chert-metashale, graywacke-sandstone, and manganese deposits in
the Franciscan Complex near the Buckeye and Ladd mines, northern
Diablo Range of the central California Coast Ranges. Adapted from
Cox and others (in Trask, 1950, pl. 4) and Raymond (1973b, fig. 2).
Inset adapted from Bailey and others (1964, pl. 1). Note the
association of manganese deposits with chert and the undulatory
contacts between chert and graywacke. The Carnegie fault and
northern part of the Pegleg fault are parts of the Tesla-Ortigalita
fault system. B, Geologic sketch map of the vicinity of the Buckeye
mine. The base is aerial photography. Subdivision into broken
formations follows usage of Raymond (1973a): KJfsg, Sulphur Guleh
broken formation; KJfg, Grummett broken formation; KJfo, Oso
broken formation. C, Location of samples collected from surface
outcrops and dumps. Base is identical to that used for B. Samples
designated Hxx correspond to those labeled 65Hxx in text. Sample
B112 is a grab sample from the gulch below (south of) the north
orebody and is not plotted. D, Location of samples collected from the
open cut, 1837- and 1805-ft levels of the north Buckeye orebody.
Mine workings and trend of ore lens adapted from maps and sections
by Crittenden and others (pl. 18 of Trask, 1950). E, Location of
samples collected from exploration adit between the north and south
Buckeye orebodies.









PREVIOUS WORK 5

\
w
D
<

| B67,66,15,13,14,5,64,65

Open cut
~1970 1t /&

H67-69]

0 30 60 90 120 FEET

L

B72] 0 10 20 30METERS

1837
adit

EXPLANATION

Red chert-argillite N
Green chert-argillite
I:’ White chert

Sample from outcrop

!_E6_8__{ Loose sample of ore

Trend of ore lens;
elevation in feet

—L_ Strike and dip of bedding

«-*- Syncline showing plunge

of axis

0 30 FEET
|
} I : I I : I I
0 10 METERS

EXPLANANTION

\:l White chert, argillite
Red chert, argillite

B88 | Sample number
E

—L_ Strike and dip of bedding

% Syncline showing plunge
of axis

FIGURE 1. —Continued.

manganese deposits are associated with thick lenses of
light-colored massive chert, which in turn are enclosed in
darker, rhythmically bedded radiolarian cherts. The
converse is not true: the vast majority of massive cherts
are not associated with manganese deposits. Many cherts
are associated with volcanic flows, but this is not the case
near the Buckeye mines. Taliaferro and Hudson thought
that the cherts were originally oozes rich in colloidal
silica. On becoming a gel the ooze expelled the impuri-
ties, thereby concentrating them in what are now the
argillaceous interbeds. Thus the rhythmic chert layering
was thought to be the product of diagenetic segregation.
Presumably, they thought that the precursor to the
massive cherts was an ooze so pure that there were
insufficient impurities to form argillaceous layers.
Orebodies known to Taliaferro and Hudson formed
lenses less than 11 m thick and less than 240 m in
maximum dimension. Folding and faulting obscured the
shape of the orebodies in the plane parallel to the
layering, but internally they were banded, being com-

posed of smaller lenslike bodies that lay parallel to the
layering in the surrounding cherts. These lenses con-
sisted principally of manganese carbonate and silicates.
Unfortunately, neither the spatial distribution of these
two components within the lens nor the nature of their
contact with the surrounding chert was discussed. An
important observation, based in part on analysis of thin
sections but overlooked by some subsequent investiga-
tors, is that fine banding was present in material that
Taliaferro and Hudson called manganiferous opal (1943,
p. 240). The lenses are now partly recrystallized to pink
rhombohedra of rhodochrosite and to yellow, orange, and
brown fibers of manganese silicates called bementite.
Hausmannite and braunite were uncommon and, because
of association with barite and copper, were regarded as
having formed during subsequent hydrothermal action.
(Fleischer and Richmond (1943) reported the presence of
braunite, but not hausmannite, at the Buckeye mine.)
Taliaferro and Hudson thought that the deposits were
“chemical sediments formed at the same time and in the
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TABLE 1. — Known and hypothetical manganese minerals and common analogues discussed in text
[—, not applicable; MY'/T'V, ratio of octahedrally coordinated to tetrahedrally coordinated cations]

Mn species Ideal formula MYV Fe analogue (Mg,Al,Ca) analogue
Rhodochrosite................. MnCO, - Siderite Calcite.
Hausmannite.................. Mng0, — Magnetite Unknown.
Bixbyite ......coviiiiii Mn,0, - Hematite Unknown.
Pyrolusite..........coovveinunn MnO, — Unknown Unknown.
Todorokite .........coevnvvn..n. Mn*2Mn;*0,H,0 - Unknown Unknown.
Nsutite ......covveienennnnnts Mn; 2Mni"0, 5, (OH),, - Unknown Unknown.
Braunite........oovevennnenen. Mn*2Mng 3Si0,, — Unknown Neltnerite.
Birnessite...................0 Na,Mn, ,0,,-9H,0 — Unknown Unknown.
Vernadite.........oovunvvnnn.. (Mn** Fe*?,Ca,Mn)0,0H),-nH,0 - Unknown Unknown.
Pyrophanite................... MnTiO4 - Ilmenite Geikielite.
Pennantite .................... Mn, Al (Si,Al)40,4(OH) 6 1.5 Chamosite Clinochlore.
Gonyerite .......oovveeiunaens Mn, Fey 3(Si,Fe™3)504,(0H) ¢ 15 Unknown Unknown.
Bannisterite................... (K,Ca)Mn, ((Si, Al),4045(0H)g(H,0), 5 .625 Unknown Unknown.
Ganophyllite.. ................. (K,Na,Ca)Mn,,(Si, Al);4(0,0H), ,,(H,0), .6 Unknown Unknown.
Caryopilite.................... Mn,Si,0,,(0H), 1.5 Greenalite Unknown.
Bementite.................. ... Mn;Sig0,5(0H)g 117 Unknown Unknown.
Unknown ........ooeevenennees (¥2Ca,Na), 6sMng 2(Si, AD)gOoo(OH),(H,0)q .75 Unknown Saponite.
Unknown ...........coooooeun. (¥20a,Na), 6sMn; (S, A)gO,(OH),(H,0)g .50 Nontronite Unknown.
Unknown .............oooonn.. MngSig000(0H), .75 Unknown Tale.
Unknown ...........oovvuenn. Mng,Si0O0g6(0H)og .75 Minnesotaite Unknown.
Ashley (1986)..............c.0. K,Mng(Mn*3, A1),Si50,(0H), .75 Biotite Phlogopite.
Unknown ..........ovevuenent, K,Mn; 3(Mn™*3, Al),Si0,,(0H), .50 Unknown Muscovite.
Akatoreite ...l MngAlLSig0,5(0H), .90 Unknown Unknown.
Piemontite .................... Ca,Mn; 2AlSi;0,,(0H) 1.0 Epidote Clinozoisite.
Gageite.........civiiaiinn, Mn;Si, 0y (OH),, 2.5 Unknown Balangeroite.
Taneyamalite.................. NaMn,,Si;,05o(0H),, 1.0 Howieite Unknown.
Unknown ............ovnvnenen Mng(Mn *2, A1);8i50,,(0H), 1.5 Deerite Unknown.
Unknown..........ooovvevnnnn Ky 1Mn, (Al Si),50,,(0H), 72 Zussmanite Unknown.
Parsettensite.................. K(Mn, Al),Sig0,o(OH)¢ 2H,0 .67 Unknown Unknown.
Unknown ..........covivvnnen KMn,5(SigsAly)Oy e (OH),q .67 Ferrostilpnomelane Lennilenapeite.
Unknown ........c.covvenennn K Mn (SigsAlg)0py6-36H,0 .67 Ferristilpnomelane Unknown.
Spessartine ................... Mn,AL(SiOp4 1.67 Almandine, andradite Pyrope, ete.
Calderite. . ......cooverrnnnanns Mnj ?Fes %(Si0,); 1.67 Unknown Unknown.
Unknown ...........ocvuvnnn Mn,(SiO)(F,0H), 3.0 Unknown Norbergite.
Alleghanyite .................. Mn;(8i0,)x(0H), 2.5 Unknown Chondrodite.
Manganhumite. ................ Mn,(Si0,)3(0H), 2.33 Unknown Humite.
Leucophoenicite ............... Mn,(Si0,)3(0OH), 2.33 Unknown Unknown.
Sonolite. .....ooviiiiinnnnnn. Mny(Si0,),(OH,F), 2.25 Unknown Clinohumite.
Tephroite .......covvvveneinnnn Mn,Si0, 2.0 Fayalite Forsterite.
Donpeacorite................... MnMgSi,O4 1.0 Ferrosilite Enstatite.
Kanoite................. ..., MnMgSi,Og 1.0 Clinoferrosilite Pigeonite.
Johannsenite .................. CaMnSi, 0 1.0 Hedenbergite Diopside.
Ashley (1986).......ocvvueunnns NaMn*38i,04 1.0 Acmite Jadeite.
Rhodonite. ............... .. ... CaMn(SiO,); 1.0 Ferrobustamite Unknown.
Pyroxmangite ................. Mn(SiOg); 1.0 Pyroxferroite Unknown.
Imesite.................. ...l Ca,Mn,;Si; g0pg(OH),(H,0)5 .90 Unknown Unknown.
Santaclaraite .................. CaMn,Si;0,,(OH)(OH)-H,0 1.0 Unknown Unknown.
Nambulite .................... (Li,Na)Mn,Si;0,,(OH) .80 Unknown Unknown.
Manganbabingtonite. . .......... Ca,MnFe*®Si;0,,(OH) .80 Babingtonite Unknown.
Marsturite ..............o...t. NayCa,MngSi; g0.5(0H), .80 Unknown Unknown.
Tirodite. .......ccovviviiiannn Mn,Mg;Siz0,,(0H), .88 Grunerite Cummingtonite.
Dannemorite .................. Mn,Fe;Sig0.,(0H), .88 Grunerite Cummingtonite.
Kozulite ..............co0nt NaNa,Mn,(Fe*3, Al)Sig0,,(0H), .88 Arfvedsonite Magnesioarfvedsonite.
Tsilaisite........coovvviinnen. Na(Mn, ;Al; 5)Al(BO;)sSig0,4(0,0H,F), 1.0 Schorl Elbaite.
Saneroite ........ooiiiiiiie NayMn, ((Si, V)5044,(0H), .83 Unknown Unknown.
Welinite ............oooviiien Mng(W,Mg),Siy(0,0H),, 4.0 Unknown Unknown.
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TABLE 1.— Known and hypothetical manganese minerals and common analogues discussed in text— Continued
[—, not applicable; MVYT, ratio of octahedrally coordinated to tetrahedrally coordinated cations]

Mn species Ideal formula MVyTV Fe analogue (Mg, Al,Ca) analogue
Franciscanite.................. Mng[V,[] 158i,(0,0H), 4 4.0 Unknown Unknown.
Orebroite .............ooiet. Mng(Sb*°,Fe*3),8i,(0,0H),, 4.0 Unknown Unknown.
Pumpellyite-Mn?*,............. CayMn*2Al1,(Si0,)(Siz0,X(0H), H,0 1.67 Ferropumpellyite Unknown.
Okhotskite . .....vvvenenninnns Ca,Mn™2(Mn™*3, AD,(Si0,)(Si,0,)(OH),- H,0 1.67 Julgoldite Pumpellyite.
Sursassite.........coiviiiinn. Mn,Al(Si0)(Si,07)(0H)g 1.67 Unknown Unknown.
Mefallite . ..........ooiintt Ca,Mn; 3(Si0,)(Si,0,)(0H), 1.67 Unknown Unknown.
Manganaxinite. ................ Ca,Mn*2AL,BSi,0,5(0H) 1.0 Ferroaxinite Magnesioaxinite.
Kanonaite...........oovnvvnn.s Mn*3AlSiO; 1.0 Unknown Andalusite.
Carpholite .........covvevnnt. MnALSi,04(0H), 1.5 Ferrocarpholite Magnesiocarpholite.
Serandite .................... NaMn,Si;04(0OH) .67 Unknown Pectolite.
Johinnesite.................... Na,Mg,Mn,,As; 5Si;,0,5(0H), 1.33 Unknown Unknown.
Manganpyrosmalite ............ Mn,Si;5040(0H, CDy, 1.33 Pyrosmalite Unknown.
Schallerite ..............ovvn.s Mn;ZSi,,Asy 2044(0H),, 1.33 Unknown Unknown.
Megillite . ..ot MngSig0,5(0H)sCly 1.33 Unknown Unknown.
Friedelite..................... MngSic0,5(0H,Cl),q 1.33 Unknown Unknown.

same marine environment as the cherts” (p. 272). In their
interpretation, the cherts were deposited as siliceous
oozes and the manganese-rich materials as fine-grained
gray manganese carbonate and thinly banded, resinous,
almost optically isotropic manganiferous opal containing
14 weight percent H,0. Silica and manganese were
thought to be associated with volcanism, and the man-
ganese was supplied as carbonate and oxides. The mas-
sive cherts and the manganese orebodies represent peri-
ods of rapid deposition. After examining many deposits,
these authors found no evidence for replacement of chert
by ore (Taliaferro and Hudson, 1943, p. 273).

Trask and Pierce (in Trask, 1950, p. 211-221) focused
on the Ladd-Buckeye area. Their observations were
based in part on fieldwork during 194042, when the
deposit was actively mined. Ore was always associated
with white, usually massive, chert. They reported two
kinds of ore: (1) massive, fine-grained gray rhodochrosite
with bementite layers and minor hausmannite, rho-
donite, and braunite and (2) a mixture of rhodochrosite
and bementite, disseminated in chert. This second type
forms a thin transition zone between massive carbonate
and chert at the sides and ends of the lenses. Trask and
Pierce thought that the pinching and swelling of the
chert bodies reflected deposition in marine basins. Rec-
ognition that the red color of chert represents an oxidized
state of iron and that rhodochrosite represents a reduced
state of manganese led them to propose that the manga-
nese ores and white chert were formed in reducing basins
and the oxidized chert formed under shallower marine
conditions. The generally sharp contacts with the sur-
rounding chert, at both the sides and the extremities of
the manganiferous lenses, were thought to be caused by
presumed distinet mechanical consistencies of the man-
ganiferous sediments and silica gel. Hydrothermal activ-

ity was thought to be indicated by the presence of quartz
veins and cinnabar, by the lack of bedding and non-
uniform crystallinity of the gray rhodochrosite, and by
the presence of hausmannite, rhodonite, and braunite.
But despite this hydrothermal activity, the manganese
did not migrate into the wall rocks.

Subsequent observers also found massive ore. Trask
(1950, p. 287-288) reported that, in 1942, massive ore
was exposed in the north and south Buckeye orebodies.
Crittenden (in Trask, 1950, p. 288-289) examined the
orebody in 1944, at which time the primary ore was well
exposed at levels subsequently accessible to Huebner
(1967) and Hein and others (1987). Crittenden reported
that along strike, the north Buckeye orebody was
defined by change in manganese content rather than
thickness, gradually changing to chaleedonic quartz and
thence to chert. This is the only report of a gradational
contact from the orebody into the chert. Crittenden
described the ore as “an exceedingly massive and inti-
mate mixture” (p. 288) of (in decreasing abundance) gray
rhodochrosite, massive braunite and possibly hausman-
nite, brown to tan manganese silicates, pink rhodochros-
ite, neotocite, rhodonite, inesite, and sulfides. The older
minerals (p. 289) were gray rhodochrosite, braunite,
hausmannite (if present), and manganiferous chert (pre-
sumably neotocite). Of these minerals, gray carbonate
was regarded as “original” (p. 288) and the braunite and
hausmannite as possibly metamorphie. Younger miner-
als regarded as clearly hydrothermal in origin (p. 289)
were pink rhodochrosite, quartz, rhodonite, inesite, sul-
fides including molybdenite, brown and tan manganese
silicates, and neotocite. Again, the spatial distribution of
these minerals within the ore lens was not given.

The property was drilled by the Bureau of Mines in
1940-41. Volin and Matson (1949) reported that the ore
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consisted of rhodochrosite, bementite, rhodonite, psilom-
elane, and pyrolusite. The last two minerals are undoubt-
edly supergene. The primary ore was a mixture of
carbonates and silicates, but layering was not noted. The
boundary between the primary ore and chert was dis-
tinct. Four drill holes encountered only low concentra-
tions (1-11 percent by weight) of Mn and demonstrated
that the high grade of the mined orebodies did not
continue downward or along strike. Subsequently Tren-
grove (1960) summarized this work as indicating that “a
large mineralized zone of low-grade manganiferous
chert” surrounded the north orebody.

Huebner (1967) described the mineral associations,
using X-ray powder diffractometry and thin sections to
identify the minerals. He determined that the major
ore-forming minerals were hausmannite, braunite,
rhodochrosite with lattice constants nearly identical to
those of pure MnCOj;, and what had been called bement-
ite. He found that bementite from the Buckeye and
elsewhere was a mixture of phases probably related to
septechlorite (7A, serpentine), chlorite (144), and the
pyrosmalite group of minerals. He also found 9A and
6.9A reflections, now recognized as due to the presence
of taneyamalite (Matsubara, 1981) and gageite (Phillips,
1911), and in thin sections observed pseudomorphs
“more slender than most rhodonite crystals” (p. 66) of a
mineral now known as santaclaraite (Erd and Ohashi,
1984). Unlike other workers, he did not find rhodonite,
inesite, or neotocite. Huebner did not explicitly address
the massiveness of the ores, but it is clear from his
descriptions and photographs that he encountered both
layered and massive ore. He recognized that the deposit
had an unusual bulk composition that could be closely
modelled by the system MnO-SiOy—0,—CO,-H,0. He
suggested that the Buckeye deposits and enclosing
cherts formed as chemical sediments in local depressions,
rapidly precipitated from thermal waters in the intervals
between turbidite (graywacke) units. Rapid deposition of
the manganiferous material and adjacent silica diluted
the supply of clastics, represented by the argillaceous
layers within the chert rhythmites, providing an expla-
nation for the high purity of the deposit and the absence
of shale interbeds in the massive chert adjacent to the
ore. In the absence of associated volcanic rocks and in
view of the rapid deposition, he did not favor the leaching
of extrusive flows as the source of the manganese.
Rather, because of the high Mn/Fe ratio, he preferred a
hydrothermal source and thought that the carbonate and
silicates resulted from mixing of hydrothermal and oce-
anic waters. Most important, he noted that the Mn-rich
sediments at the Buckeye were relatively oxidized and
proposed that their high intrinsic oxygen fugacity values
were inherited from initially oxidized sediments. This

concept was later developed more clearly (Huebner,
1969, 1976).

Hewett (1972) reviewed the occurrences and signifi-
cance of hausmannite and braunite, concluding that
hausmannite formed from hypogene (rising) solutions,
whereas braunite could be either hypogene or super-
gene. In discussing the manganese deposits of the Cali-
fornia Coast Ranges, Hewett stated that (p. 87) “layers
or lenses of nearly pure manganese carbonate and thin
layers of hydrous manganese silicate (neotocite or ‘man-
ganese opal’) were laid down either in or near persistent
layers of chert. Under the influence of later hydrother-
mal solutions at the Buckeye deposits, the carbonate was
thought to alter to hausmannite and the hausmannite to
bementite and neotocite; braunite has also been identi-
fied in this assemblage.” Clearly, Hewett saw the lay-
ered nature of the ore and thought that carbonate was
primary, that opaline material was both primary and
formed by alteration of carbonate, and that all hausman-
nite and braunite were formed by alteration of earlier
formed minerals.

Raymond (1974) discussed the lithologies of the Mt.
Oso area of the Diablo Range, which includes the Buck-
eye mine, and advocated a depositional environment that
combined an abyssal ocean floor or trench with an ocean
ridge. The manganese deposits were not discussed, but
subsequently Raymond (1977) placed the Ladd-Buckeye
district in the context of a seafloor spreading center.

Crerar and others (1982) initiated a detailed geochem-
ical study of manganese deposits of the Franciscan
Complex. They considered the 800 known deposits to be
similar and focused on two deposits in northern Califor-
nia, the Blue Jay and South Thomas mines. Crerar and
others proposed an origin involving hydrothermal pro-
cesses analogous to those forming the mounds near the
Galapagos rift (Corliss and others, 1978). Among the
principal lines of evidence cited are the linear distribu-
tion of orebodies and the fact that massive ore is devoid
of detritus, is depleted in Fe and some trace elements
relative to marine nodules, and has rare-earth-element
(REE) patterns similar to patterns thought to be of
hydrothermal origin. High heat flow associated with a
spreading center was assumed to provide the energy
needed to drive the hydrothermal system. Crerar and
others favored deposition at either a midocean ridge or
back-arc basin.

Stable-isotope data for rhodochrosite from the Buck-
eye mine were provided by Hodgson (1966) and Yeh and
others (1985). Highly negative §'®Cppg values of —45 to
—54 per mil (referred to Peedee belemnite) were inter-
preted as indicating that the CO, was derived by the
oxidation of methane (Hathaway and Degens, 1969).
Because this conclusion does not depend upon partition-
ing of carbon isotopes between fluid and unusual phases
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with unknown behavior, we accept an origin for the CO3~
that involves decomposition of organic matter. From a
single 8" 0gyow value (+19.5 per mil, referred to stan-
dard mean ocean water) for a rhodochrosite sample
assumed to have been deposited from seawater, Yeh and
others (1985) assigned a temperature of formation of 75
°C. From 3"®Ogyow values of 18.7 to 26.6 for eight
rhodochrosite samples from deposits within the Fran-
ciscan Complex, Hein and Koski (1987) obtained temper-
atures of formation of 12 to 120 °C. The significance of
these temperatures is in doubt because the fractionation
factor for rhodochrosite precipitation is uncertain (see
discussion by Okita and others, 1988, p. 2683) and
because, as we will show, all rhodochrosite from the
Buckeye deposit observed by us is admixed with other
phases of unknown oxygen isotope fraction behavior and
all samples of Buckeye rhodochrosite observed by us are
at least partially recrystallized.

Huebner and others (1986a) briefly described mineral-
ogical banding and the presence of relic gels (the gel-like
materials in this report) in the Buckeye deposit. Carbon-
ate mud, interlayered with silicate and oxide gels, was
deposited at the sediment-seawater interface. The layer-
ing was thought to have been caused by relatively rapid
variations in the supply fluxes and may have been
climatically induced.

Hein and others (1987) provided chemical, mineralog-
ical, and isotopic data for the Buckeye and adjacent Ladd
deposits. They cited Huebner (1967) for observing abun-
dant hausmannite and Erd and Ohashi (1984) for “rare”
santaclaraite, apparently because they observed neither
mineral in their own samples. Because we observed
these minerals in many samples collected at the Buckeye,
we believe that sampling by Hein and coworkers may not
have been as comprehensive as that of Huebner (1967).
They proposed that the Buckeye and Ladd deposits
formed in a deep basin at a continental margin by
replacement of thin turbidites of radiolarian sand by
carbonate. The massive chert, which consists of lami-
nated chert without argillaceous interbeds, was thought
to have formed from silica released by this replacement
process, but the composite nature of the massive chert
was not explained. Because opal-CT was reported to
occur in the manganese ores but not in the surrounding
rocks, this replacement process was thought to occur at
less than 80 °C and at a depth of 100-700 m in the
sediment pile. Hein and others believed that the manga-
nese was originally derived from manganese oxides and
oxyhydroxides dispersed in adjacent chert-metashale
layers, but by comparison with the compositions of
average shales, argillites, and cherts (Pettijohn, 1957),
we do not find that the chert-argillites of the Ladd-
Buckeye district are depleted in Mn.

Hein and Koski (1987) summarized available stable-
isotope data for the manganese deposits of the Fran-
ciscan Complex, including the Ladd and Buckeye depos-
its. The dominant ore mineral was reported to be
rhodochrosite; some samples contained braunite and
bementite; and kutnahorite, manganiferous calcite, pen-
nantite, serandite, and sursassite were reported to be
less abundant. No mention was made of compositional
banding. They reported the “existence of replacement
textures of rhodochrosite and silica polymorphs” (p. 725)
but gave no examples. In their preferred scenario,
manganese was originally deposited within the rhythmic
chert sequences as hydrogenous oxides and oxyhydrox-
ides. During diagenesis, buried organic matter produced
CH, that rose into the overlying sediments and was
oxidized, in situ, by the oxides and oxyhydroxides,
forming CO,. CO,, CH,, and reduced manganese moved
through fluids produced by compaction and silica dehy-
dration to form rhodochrosite at or below the zone of
sulfate reduction and sulfide precipitation, below the
seawater-sediment interface. In their model, it is not
clear why rhodochrosite did not form at the same time
and place at which the oxides and oxyhydroxides within
the sediment column were reduced. A replacement ori-
gin was implied, but the internal structure and composi-
tional diversity of the orebody were not explained.

Most early investigators regarded the gray manganese
carbonate and manganiferous opal as chemically precip-
itated sediments, but in recent work Hein and others
(1987) and Hein and Koski (1987) concluded that the
carbonate is the product of a replacement process. Most
investigators also appeal to later hydrothermal processes
to form the diverse mineralogy, but Huebner (1967,
1986a,b) interpreted this diversity to be a feature of the
sedimentary environment. Although there are some
reports of banded or layered ore at the Ladd and
Buckeye mines, most reports are of massive ore at the
working face of the Buckeye mine. The recent papers by
Hein and his coworkers make no reference to layered
ore. If similar deposits or their metamorphosed equiva-
lents are to be recognized elsewhere, it is essential that
the internal structure, compositional diversity, and min-
eralogy be known.

METHODOLOGY

Sample locations are shown in figure 1. Data were
obtained by using transmitted and reflected light optical
microseopy, X-ray powder diffractometry (XPD),
electron-microprobe analysis (EMP), and chemical bulk
analyses. Because the manganese-rich materials are het-
erogeneous, it was necessary to examine a large number
of samples. We examined 77 polished thin sections, 37
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covered thin sections, and 24 polished blocks. We
crushed 87 samples for bulk chemical or X-ray diffraction
analyses. Each crushed sample represents a single litho-
logic type, and most were immediately adjacent to
material used for a thin section. Because much of the ore
consists of thin layers, many of these crushed samples
were less than 2 g in weight. Approximately 33 addi-
tional small samples were systematically examined by
XPD. Thus, we were able to integrate diverse kinds of
measurements made on essentially identical material.
The seven samples chemically analyzed for this report
received special handling. Possible Fe, Co, Cu, Mn, Ni,
or Zn contamination by the saw blades was reduced by
grinding sawed surfaces with silicon-carbide grit fol-
lowed by cleaning ultrasonically in deionized water and
acetone. These samples were crushed in a hardened steel
mortar (Fe, Cr) and ground with an agate mortar and
pestle. To reduce sample-to-sample cross contamination,
the first crushed material for each sample was set aside
and used for XPD rather than trace-element chemical
analyses. The bulk chemical analytical methods are sum-
marized in Baedecker (1987). Total contamination (by the
process of sawing, crushing, and grinding) and cross
contamination (by the previous sample) were investi-
gated by subjecting spectroscopically pure silica glass to
identical procedures (both before and after the aforemen-
tioned seven samples). The second-crushed silica glasses
contained less than 4 ppm Cr, less than 50 ppm Fe, and
less than 1,600 ppm Mn, concentrations which are much
lower than those in the protoliths, indicating that con-
tamination was not a significant factor. We are confident
that observed large differences in trace-element, concen-
trations of our Mn-rich samples are real.

The X-ray diffractometer used CuKa radiation, a
proportional counter, and pulse-height analysis that
effectively discriminated against MnKa fluorescence
from Mn-rich samples. Even so, the sheet silicates gave
such poor-quality patterns that useful unit-cell dimen-
sions could not be obtained. (Attempts to obtain good
patterns with a Hague-Guinier camera equipped with a
monochromator were even less successful, perhaps
because, in the Guinier technique, X-rays pass through
the powdered sample rather than reflect from its sur-
face.) The goniometer divergence, receiving, and anti-
scatter slits were 1°, 0.1 mm, and 1°, respectively; the
radius was 170 mm; and the takeoff angle was 6°. At a 20
scanning rate of 1° per minute, the patterns routinely
yield a crystallinity index (Murata and Norman, 1976) of
10.5 to 11.5 for powder obtained by crushing and grind-
ing (to pass 200-mesh screen) a large quartz crystal of
quality suitable for electronic oscillators.

Electron microprobe analyses were performed on a
unit with 8 wavelength-dispersive channels operated at
15kV and 100 nA beam current (15 nA nominal specimen

TABLE 2. —Standards used for electron microprobe analysis of sam-

ples from the Buckeye deposit, California Coast Ranges
[See Huebner and Woodruff (1985) for fuller explanation; na, not analyzed]

Phase analyzed

Element
Oxides Carbonates Silicates
Na..cooovvvvnnn. FSLC na FSLC
Mg..ooviieennnn.. OXTB CDOS PXEN
Al..oooiiiiiia, 0XGH na FSLC
1) S FSLC na FSLC
Koo, na na FSBO, MSFP!
Ca..ooevevnnnnnn. FSLC CDOS FSLC
) T OXIL na SPHC
Voo 0XVA OXVA OXVA
Crovevvnnennnnnn.. OXTB na OXTB, OXBU
Mn...oovevvnnnnn. OXPA CRAP OLST
Fe............... OXIL CSIG OLSF, MBLM
Co e, OLCO na na
Nioovvvrivvnnnnnn, OLNI OXNC OLNI
/7 RN 0XGH OXGH OXGH
1S S na CSTR na
Ba....oooovvnn... GLBA GLBA GLBA!
| na na MSFP!
As ool OXAS,2 ARDN2  na na
Explanation of acronyms
ARDN............ Ardennite, Pennsylvania State University
Standard 5-114.
CDOS............ Dolomite, Oberdorf, Austria.
CRAP............ Rhodochrosite, Alma Park, N. Mex.
CSIG............. Siderite, Ivigtut, Greenland,
CSTR ............ Strontianite, Oberdorf, Austria.
FSBO ............ Orthoclase, St. Lawrence Co., N.Y.
FSLC............ Labradorite feldspar, Lake County, Oreg.
GLBA............ Synthetic barium-bearing glass.
MBLM ........... Biotite, Lembhi, Idaho.
MSFP............ Synthetic fluor-phlogopite, KMg3AlSiz0,oF,.
OLCO............ Synthetic Co,Si0,.
OLNI............ Synthetic Ni,SiO,.
OLSF ............ Synthetic fayalite, Fe,Si0,.
OLST ............ Synthetic tephroite, Mn,SiO,.
OXAS............ Synthetic As,0,, National Bureau of Standards
Standard Reference Material 83j.
OXBU............ Chromite, Bushveld Complex, S. Africa.
OXGH............ Gahnite, Brazil.
OXIL............. Ilmenite, Ilmen, USSR.
OXNC............ Synthetic bunsenite, NiO.
OXPA............ Synthetie bixbyite, Mn,O,.
OXTB............ Chromite, Tiebaghi, New Caledonia.
OXVA............ Synthetic V,05.
PXEN............ Synthetic enstatite, MgSiO,.
SPHC ............ Titanite, Hemet quadrangle, California

! Used regularly only for parsettensitelike phase and to check other silicates.
2 Used to analyze phase D only.

current) and using a focused beam (estimated activation
volume less than 10 um®). The standard or unknown was
exposed to the electron beam for 20 to 80 seconds.
Analytical software was described by McGee (1985).
Mineral standards, documented by Huebner and Wood-
ruff (1986), are summarized in table 2. Backgrounds were
obtained by interpolation, based on the mean atomic
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number (Z) of the unknown, between the count rates
obtained on quartz or MgO (low Z) and on tephroite,
NiO, or V,05 (high Z). Peak intensity data were cor-
rected by the method of Bence and Albee (1968). Alpha
factors used for constituent oxides were measured by
Albee and Ray (1970) and calculated from first principles.
Carbon was not determined, but the carbonate analyses
were corrected in a similar manner, providing that CO,
had been excluded from the analysis of the reference
standard (and the calculation of its set of B-factors).
Analyzed compositions of all phases were compared with
an energy dispersive analysis spectrum to determine
whether any elements present in significant quantities
had been missed in the wavelength dispersive analysis.

Fluid inclusion techniques were not used in this study
because fluid inclusions are rare in the Buckeye ore. The
only inclusions found were in a minute amount of barite
that appeared to replace rhodochrosite in sample B29.
These inclusions were minute and had small vapor
bubbles.

REGIONAL GEOLOGY

In lithologic variation and deformation, the thinly
banded ore mimics the host Franciscan Complex but in
miniature. Thus, in addition to providing a geologic
framework for manganese deposition, the regional geol-
ogy may provide clues to the origin of some delicate
textures of the ores. The area containing the Ladd and
Buckeye mines has been mapped by Huey (1948), Cox
and others (in Trask and others, 1950, pl. 4), Maddock
(1955), Raymond (1973a,b), and Raymond and Maddock
(unpub. mapping, 1976-78). Detailed geologic descrip-
tions of the immediate vicinity of the Buckeye mines
were published by Pierce (in Trask, 1950, pl. 17) and by
Volin and Matson (1949). Huebner (1967) recognized that
the metagraywacke sequences at the Buckeye mine were
turbidites that retained -clastic texture after low-
temperature and high-pressure metamorphism. Ernst
(1971) correlated the textural grade of the metagray-
wackes with the development of metamorphic assem-
blages containing pumpellyite, albite, lawsonite, and
jadeitic pyroxene but did not find jadeitic pyroxene near
the Buckeye. We will demonstrate below that the meta-
graywackes correspond to his textural grades 1 and 2 and
mineral zone 2. Raymond (1973a,b) provided metamor-
phic and tectonostratigraphic maps. He found lawsonite
and albite in the immediate vicinity of the Buckeye mine
and recognized both jadeite and aragonite elsewhere in
the unit that contains the Buckeye mine, but he found no
relationship between metamorphic grade and texture
(Raymond, written commun., Feb. 6, 1988). Huebner
(1967), Hein and others (1987), and Hein and Koski (1987)
provided many other relevant observations, but no
maps.

The vicinities of the Buckeye and Ladd mines are each
characterized by sandstones containing an unusual abun-
dance of chert (fig. 1A), most of which is interbedded
with argillaceous layers. Each area contains one large
and several smaller manganese deposits. The eastern
chert-rich sequence contains the large north Buckeye
orebody and the smaller south Buckeye, Sulphur Gulch,
Tiptop, Grummett, Grummett-Knox, Liberty, and
Moran Brothers deposits, each closely associated with
the chert. The western (Liadd) sequence is similar. These
chert sequences pinch out and are truncated by shear
zones to the west (Buckeye) and to the east (Ladd
sequence). The similarities in outcrop pattern, regional
strike (west-northwest), and alignment of both chert and
manganese horizons might suggest that the eastern and
western districts were once a continuous manganiferous
horizon that was broken into distinct segments (depos-
its), but mapping by Raymond (1973a,b; written com-
mun., Feb. 6, 1988) shows that the deposits lie in several
lithologically distinct units.

The Buckeye mines lie in the northern side of Buckeye
Guleh, in an area characterized by steep slopes, a high
ratio of rhythmic chert to graywacke, and prominent
outerops (reefs) of northerly dipping massive chert (fig.
1B). Sulphur Gulch, to the north, is characterized by
gentler topography and by sheared and altered gray-
wacke with much less chert. South of the chert-rich
section, near the bottom of Buckeye Gulch, are blocks or
pods of glaucophane schist and carbonatized ultramafic
rock in sheared graywacke, below a layer of coarse
conglomerate. The south side of the gulch is graywacke
with distinetly less chert than the north side. Raymond
(1973a) recognized that this terrain consists of broken
units and subdivided the area into three broken forma-
tions, which we here use informally: the graywacke-rich
Sulphur Guleh, the chert-rich Grummett, and the south-
erly Oso broken formations (KJfsg, KJfg, and KJfo,
respectively, in fig. 1B). We have informally adopted
Raymond’s subdivision because it is useful in describing
the graywacke-rich and chert-rich units in the vicinity of
the Buckeye deposits. The Grummett broken formation
contains the Buckeye mines and consists of the first
800-900 m of the Buckeye stratigraphic section by Hein
and Koski (1987, p. 723), from the conglomerate at the
base to approximately the greenstone. Glaucophane
schist, greenstone, and carbonate-rich blocks are either
erosional remnants of an overthrust unit or slivers of
basement brought up along faults bounding the Grum-
mett broken formation. In either case, the composition
and metamorphism of these blocks do not relate directly
to the history of the area.

To describe the degree to which the bedding of the
graywackes, chert, and manganiferous sediments was
disrupted, we adopted the classification of Raymond
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(1984, his fig. 1, classification type VIII). In this scheme
there is a progression from coherent (well-stratified)
units through broken units (in which the fragments are
moved slightly relative to each other) and dismembered
units (in which there is no suggestion of the initial
relative positions) to a melange (in which disoriented
fragments are engulfed in a matrix). We understand that
there is no consensus on the terminology used to describe
complexes and melanges; for instance, the classification
of Cowan (1985) places more emphasis on lithologic
types. We chose the scheme of Raymond because we
found it useful in deseribing the disruption of unusual
manganese-rich lithologies.

Near the Buckeye mine, the degree of stratigraphic
continuity decreases with decreasing scale of the domain
considered. Raymond (1973a) mapped the regional units
as broken formations. Within the Grummett broken
formation, the chert bodies have irregular shapes in
outerop pattern (see Trask, 1950, pls. 4, 17) that suggest
intricate folding; the chert appears to float in sandstone
yet retains a strike and dip that is predominantly parallel
to the regional trend. One of us (Huebner) had difficulty
following sedimentary contacts on a scale exceeding
several hundreds of meters because the chert reefs
consist of slightly displaced blocks (called phacoids by
Raymond, 1973a, 1977). At the scale of the chert reefs,
the structure is trangitional between that of the broken
and disrupted units. We will show that much of the ore,
on the scale of a hand specimen and thin section, is a
breccia with cataclastic to mylonitic textures. This
intensely disrupted material may represent the massive
ores described by some of our predecessors. Neverthe-
less, layered and laminated ore, intact on at least the
scale of a hand specimen, does occur. Some breccia
fragments in the disrupted ore are layered and lami-
nated, evidence that they were once part of a well-
layered sediment.

Despite disruption of the stratigraphic section, the
nonmanganiferous host rocks provide important clues to
the sources of sediment, the nature of the depositional
environment, and the subsequent metamorphism. Most
of the sediments are either detritus from a continent or a
magmatic arc or skeletal debris from marine pelagic
organisms. Deposition of each type was predominantly
by turbidity flows. Metamorphism was at very high
pressures and low temperatures, implying rapid subsid-
ence and uplift.

REGIONAL LITHOLOGIES

Coarse conglomerate occurs at the base of the exposed
Grummett broken formation in the western part of
Buckeye Gulch. Rounded cobbles of black and green
chert, white vein quartz, feldspar porphyry with green

matrix, and shale form clasts that are suspended in a
matrix of greenish graywacke. This conglomerate is
probably from the same provenance as the matrix of the
massive graywacke elsewhere in the Grummett unit and
may incorporate earlier Franciscan sediments.

The turbidite units are dominantly massive graywacke
and include minor laminated siltstone, shale, and
intraformational conglomerates in which shale chips are
suspended in greenish-gray to gray graywacke matrix.
Graded beds are rare; one unusually complete unit
grades from conglomerate to shale (Huebner, 1967, p. 28)
and indicates that, locally at least, the north-dipping
beds are not overturned. Ten representative graywackes
from the Grummett broken formation and its contact
zones were examined in thin section (table 3) and by XPD
(table 4). All graywackes retain clastic texture. The
framework consists of albite, quartz, chert, micropor-
phyries, shale and clay chips (some black and of moder-
ately high reflectivity, presumably due to organic mat-
ter), biotite, muscovite, reddish chromite, and zircon, in
decreasing order of abundance. Most quartz clasts are
monocrystalline and unstrained. Quartz clasts that are
polycrystalline or that do not extinguish uniformly under
crossed nicols are uncommon. The compositions of some
detrital minerals are summarized in table 5. Pyroclastic
components, if present, have been transported and
reworked by sedimentary processes. Postdepositional
processes included compaction of the matrix, corrosion of
framework grains, and incipient recrystallization, corre-
sponding to the textural grades 1 and 2 of Ernst (1971).
The fabric varies from essentially unfoliated to slightly
foliated in hand specimen (distinctly foliated in thin
section). Of the metamorphic minerals, lawsonite is
ubiquitous and develops in framework albite and in the
matrix. Other metamorphic minerals are concentrated in
the matrix. Chlorite (ITb structural type of Bailey, 1980),
phengitic muscovite, and titanite occur in every section.
Calcite and chloritized biotite occur in most sections;
brown stilpnomelane appears in several thin sections and
in one thin section was confirmed by microprobe chemical
analysis (table 5). Glaucophane, clinopyroxene, and pale-
green TiO, (anatase) are uncommon, and green tourma-
line is rare. Jadeite, laumontite, pumpellyite, and clinop-
tilolite were sought but never identified in our samples.
Aragonite occurs in white veins in sheared or altered
graywacke and greenstone, which occur near the con-
tacts between the broken formations, but, in contrast,
coarsely crystallized (primary) calcite with rhombohe-
dral cleavage is the characteristic polymorph in gray-
wacke of the interior of the broken units. With the
exception of the albite-lawsonite association, petro-
graphic criteria for an equilibrium assemblage are lack-
ing. Representative chemical analyses of metamorphic
minerals are given in table 5. These minerals should be
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TABLE 3. —Constituents of graywackes from the Buckeye deposit, California Coast Ranges
[Modes of clasts are visual estimates only, obtained from thin sections. tr, trace; x, present; -, not observed]

Sample B44 B110 65H10

65H27

65H35 65HT2 65H73 65H74 65H110 65H119

Modes of clasts, in volume percent

50
10
25
<5
15

55
10
20
<5
15

Plagioclase
Lithic fragments
Groundmass

50
10
20
<5
20

40
20
25
<5
15

35
30
20
<5
15

35
15
25
<5
20

50
10
20
tr
20

45
20
25
<5
10

55

5
20
tr
20

Mineralogy

Glaucophane. ..................
Ca-carbonate
Biotite (chloritized) ...
Chlorite..............
Muscovite
Stilpnomelane . .
Spinel-chromite
Titanite

Clinopyroxene
Fe-oxide or hydroxide
Green claylike material®

[ T A B I I I I
P M od M M MM M M MM
OB Mo Mo M M M e M M

oM b b M e M

[T BT A BRI I - B - ]
[ I T T BT B B I B B B I B B
Pobd o D M MM M MMM
[ BT T T - R T B - B SRR

L BT R N T . o
L R T IR I A A I I

!Present in very sparse amounts.

regarded as index minerals rather than as metamorphic
assemblages. The critical associations are quartz + albite
+ lawsonite + calcite + chlorite and quartz + albite +
lawsonite + aragonite + chlorite.

The mineralogy of the framework elements and the
bulk chemistry of the graywackes from the Grummett
broken formation and close to the Buckeye deposit are
potential indicators of sediment source and depositional
environment. Some discriminants, reviewed by Taylor
and McLennan (1985), include analyses of modern sands
(Maynard and others, 1982) and Phanerozoic sandstones
(Dickinson and others, 1983). Interpretation of the Buck-
eye graywackes is ambiguous. The high proportion of
quartz clasts (table 3) suggests derivation from a conti-
nental block or uplifted orogenic zone; without knowl-
edge of the original lithic clast population, which may
have been altered during diagenesis or metamorphism,
we cannot distinguish between these two environments.
The small value of K,0/Na,O (table 6) suggests an
island-arc setting. However, the apparent island-arc
signature may merely reflect loss of K,0O due to metaso-
matism. The range of rare-earth-element patterns for
seven Buckeye graywackes (see fig. TA; average values
in table 6; Huebner and Flohr, unpub. data) are similar to
patterns for the quartz-intermediate graywackes of Tay-
lor and McLennan (1985). This group includes recycled
orogens, continental blocks, and dissected magmatic arcs
but excludes a forearc basin deriving sediment from a

young andesitic arc. We favor a sediment source such as
a deeply dissected continental magmatic are complex,
augmented by intraformational clasts of shale and chert
derived from near the site of deposition. In studying
graywackes from throughout the Franciscan Complex,
Dickinson and others (1982) observed a smaller propor-
tion of monocrystalline quartz clasts and tentatively
concluded that potassium feldspar was originally present
but has been replaced by albite. They concluded that the
Franciscan graywackes of the Diablo Range were
derived from the southern portion of the Sierran-
Klamath magmatic arc, near the Mojave block. Seiders
and Blome (1988) examined conglomerates in the Fran-
ciscan Complex of the Diablo Range. They concluded
that conglomerates rich in voleanic clasts were trans-
ported directly westward and that chert-rich conglomer-
ates were transported southward. However, they did
not report data for the conglomerates shown in figure
1B.

The contacts between the graywacke units and the
thick sequences of interbedded chert and metashale,
although not well exposed, were originally thought by
Huebner (1967) to be sedimentary. Raymond (1974)
suggested that, at least locally, some contacts between
chert and graywacke are sedimentary, yet Raymond
(1973a; written commun., 1988) stated that most of the
intraformational contacts between chert and graywacke
are now sheared as a consequence of postdepositional
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TABLE 4.— Characterization of metasandstones, metacarbonates, and metevolcanic rocks from the Buckeye deposit, California Coast Ranges,

by X-ray powder diffractometry

[Color terms from Goddard and others (1970). Meta-vole, metavolcanic rocks; meta-carb, metamorphosed carbonate rocks. Estimated intensities of X-ray powder diffraction intensities: V, very;
S, strong; M, moderate or moderately; W, weak; -, not observed]

Sample B44 B110 65H18 65H20 65H27 65H28 65H28
Color Greenish gray Light olive gray Light olive gray Light olive gray  Light olive gray  Light olive gray White
Foliation None None Weak None None None None
Rock type Graywacke Graywacke Graywacke Meta-vole Graywacke Graywacke Vein
Quartz ............ Vs \'S M S \'S S VW
Low albite......... S Vs M A S S -
Chlorite ........... VW W M M MS M -
Muscovite ......... \'AV VvVw w - - - -
Calcite ............ - w - M W - w
Aragonite.......... - - - - - - M
Lawsonite ......... - - - - - w -
Sample 65H29 65H29 65H29B 65H30A 65H30B 65H30C 65H31"
Color Grayish olive Very light gray Olive gray White Light gray Olive gray Mottled gray brown
Foliation None None None None Laminated Laminated Weak
Rock type Greenstone Vein Greenstone Vein Meta-carb Meta-carb Meta-carb
Quartz ............ MW vvw M M S A MS
Low albite......... - - w - - - -
Chlorite ........... S - MS - VVW \'A -
Muscovite ......... - - - - - - -
Calcite ............ A M - M \A'AM MS MW
Aragonite.......... w w - M w M MwW
Lawsonite ......... - - VW - - - -
Dolomite .......... - - - - \E S -
Sample 65H33 65H33 65H34 65H35 65H43 65H43 65H51
Color Medium dark gray White Light olive gray  Light olive gray Dark gray White Pale yellowish brown
Foliation Slight None Slight Slight None None None
Rock type Greenstone Vein Graywacke Graywacke Hornfels Vein Hornfels
Quartz ............ VS S S VS S w M
Low albite......... MW - A VVs - - -
Chlorite ........... Mw - M \'AM4 MW - M
Muscovite ......... - - VW? VVw? w - -
Calcite ............ - VVw - - - w w
Aragonite.......... - w - - - MS M
Lawsonite ......... w - VW - w - \'AV
Glaucophane .. ..... - - - - MW - -
Sample 65H52 65H55 65H55 65H56 65H57 656H59 65H60
Color Light olive gray  Light olive gray White Light olive gray  Light olive gray Olive gray Dark gray
Foliation None Slight None None Slight None None
Rock type Greenstone Graywacke Vein Meta-carb Graywacke Meta-vole Hornfels
Quartz ............ M MS w M S MS S
Low albite......... S M - - S M -
Chlorite ........... M w - M \'i MS w
Muscovite ......... - - - - - - -
Calcite ............ - - S - - - VVS
Aragonite.......... w - VVW MwW - - VA
Lawsonite ......... - - - w - - -
Sample 65H65 65HT2 65H73 65H74
Color Light olive gray Medium gray Medium gray Greenish gray
Foliation Slight None None Slight
Rock type Graywacke Graywacke Graywacke Graywacke
Quartz ............ Vs VVS VVS VS
Low albite......... A w Vs S
Chlorite ........... M VVW M M
Muscovite ......... - - - w
Calcite ............ - - Vvw -
Aragonite.......... - - - -
Lawsonite ......... - - w -

1 XPD patterns from 65H31 also contain a weak reflection at 2.894 A.
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TABLE 5. —Compositions of minerals from nonsiliceous host rock, in weight percent, from the Buckeye

deposit, California Coast Ranges, determined by electron microprobe analysis
[Total Fe reported as FeO for all minerals. Ferrous and ferric iron calculated assuming ideal stoichiometry of 3 cations per 4 oxygens for
chromites. Analyses used are average of 3 points for all minerals except chlorite in sample 65H73; nd, not detected; na, not analyzed.

H,0 was not analyzed, resulting in low oxide sums for tourmaline

, muscovite, glaucophane, stilpnomelane, lawsonite, chlorite, and

possibly titanite; CO, was not analyzed, resulting in low oxide sums for carbonate minerals]

Detrital minerals

Titanite Augite® Chromite® Tourmaline  Muscovite
Sample 65H73 B44 656H73 B110 65H30 65H31 65H27 65H74
Si0,........ 29.6 50.9 0.03 0.05 nd nd 36.3 50.5
ALO,....... 1.09 4.28 35.4 9.86 2.94 8.30 31.7 28.8
TiOs.eoun... 36.1 .43 .05 .22 nd nd .29 .28
VyOgoonnnn .50 .05 .20 .24 .21 .21 .15 nd
Cry0gz....... na .24 32.6 51.9 61.1 59.2 .03 na
FeO........ 1.24 5.81 171 33.4 28.6 23.5 6.73 3.15
MnO........ 17 12 .24 .57 .52 41 .09 nd
MgO........ .10 15.4 14.6 2.33 5.38 7.43 8.05 2.50
n0........ nd na na na .18 .16 na nd
NiO ........ nd nd .10 nd nd .05 nd nd
CaO........ 28.2 21.9 nd nd 12 13 1.34 .05
BaO........ nd nd na na na na na .23
Na,0....... .03 .29 nd nd nd nd 1.81 13
KO ........ na nd na na na na nd 9.25
Sum.... 97.03 99.42 100.32 98.57 99.05 99.39 86.49 94.89
FeO........ - - 15.1 29.1 23.1 20.8 - -
FeyO4.... ... - - 2.24 4.81 6.13 2.93 - -
Metamorphic minerals

Glaucophane Stilpnomelane Albite* Lawsonite! Chlorite’ Titanite® Dolomite” Calcite’ Aragonite’

Sample 65H73 B44 65H73 65H73 65H73 65H73 65H31 65H31 65H30
Si0, ........ 56.2 48.0 67.0 37.7 28.0 30.7 na na na
ALO,....... 8.50 7.36 20.7 31.4 18.0 5.46 na na na
TiOg........ .10 nd nd .06 .09 308 na na na
VoOgovnns .05 .05 nd nd nd A7 nd nd nd
Cry0g....... na na na na na na na na na
FeO........ 15.3 24.1 .05 .54 24.6 1.00 6.08 .46 nd
MnO........ .14 1.87 nd .06 .69 nd .48 1.88 nd
MgO........ 9.05 5.84 13 .08 15.5 .16 17.7 .52 18
n0........ nd nd na na .10 nd nd nd nd
NiO ........ nd nd nd nd nd nd nd nd nd
Ca0........ 1.23 .89 .65  16.5 .13 28,5 29.3 53.1 54.4
BaO........ nd .21 nd nd nd nd nd nd nd
Na,O....... 5.97 .72 11.0 .04 .03 .04 na na na
KO........ .04 .59 17 nd .09 .07 na na na

Sum.... 96.58 89.63 99.70  86.38 87.23 97.20 53.56 55.99  %56.93

! Fragmented titanite in groundmass.
2 Augite occurs with quartz.

3 First two chromite analyses are of the most aluminous chromite and most chromium-rich chromite, respectively,
analyzed in the graywackes. Third and fourth analyses are from carbonates.

4 Lawsonite oceurs as laths within albite clast.

5 Pale green chlorite with Mg/(Mg+Fe+Mn) = 0.531; 4 points averaged.

S Anhedral titanite grains within chloritized clast.

7 Caleulated CO, values, assuming ideal stoichiometry, are
calcite, and 43.5 weight percent for aragonite.

& Sum includes 2.35 weight percent Sr0.

soft-sediment and tectonic deformation. Hein and Karl
(1983, p. 35-36) and Hein and others (1987, p. 210) also
thought that the contacts were sedimentary. Hein and
Koski (1987, p. 725) noted “gradational sedimentary
contacts between the underlying sandstone and the
radiolarian chert-argillite sections.” Subsequently they

46.4 weight percent for dolomite, 43.8 weight percent for

reported that “the field relations clearly show deposi-
tional contacts between the graywacke sandstones and
the rhythmically bedded chert-argillite sections” (Hein
and Koski, 1988, p. 470). However, the undulatory and
lenslike outerop pattern (figs. 1A, B) of slivers of chert in
graywacke may be the result of soft-sediment foundering
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TABLE 6.— Chemistry and mineralogy of selected protoliths from the Buckeye deposit, California Coast Ranges

[Chert, average of 35 cherts from the Ladd-Buckeye district (Hein and others, 1987); analyses
by XRF, ICP, and INAA methods; metashale, average of 7 metashale samples, Ladd-
Buckeye district (Hein and others, 1987); graywacke, average of 7 graywacke samples (B44,
B110, 65H27, 65H35, 656H72, 65H73, 656H74), Buckeye district; modes for these samples are
given in table 3. W237-, sample number prefix assigned by Sample Control, Branch of
Geochemistry, USGS. ICP (inductively coupled plasma atomic emission spectrometry) by H.
Kirschenbaum; INAA (instrumental neutron activation analysis) by J.N. Grossman; FAAS
(flame atomic absorption spectrometry) by H. Kirschenbaum; SQES (semiquantitative
DC-are emission spectroscopy) by Janet Fletcher; XRF-EDA (X-ray fluorescence with

energy dispersive analysis) by R.G. Johnson; GAAS (graphite-furnace atomic absorption
spectrometry) by M.W. Doughten; Sep (extraction preceded analysis) by M.W. Doughten,
B. Libby, and P.J. Aruscavage; Coul., coulometric determination; Pen., modified Penfield
method; Grav., gravimetric determination; pet, percent; ppm, parts per million; ppb, parts
per billion; -, chemistry not reported or not available or mineral not observed in Buckeye
samples. Mineral mode not reported for chert and metashale. All Buckeye samples have less
than 2 ppm Rb by XRF and less than 2 ppm Se by INAA. Estimate of mineral modes from
visual examination of X-ray powder diffraction patterns]

Sample B50 B64 B112 B84 B9% B104 65H79 Chert Metashale Graywacke
W237- 507 503 506 505 511 510 509

SiOg.eevvvnnnn. pet ........ ICP......... 9.4 38.7 17.0 33.2 16.1 8.3 22.6 9439 5813 67.9
ALOg...ovvnn.. pet...onl... ICP......... .40 .21 2.14 3.25 1.25 070 047 171 16.0 12.8
Fe, 05 . .vinu pet......... INAA....... 187 .164 1.47 2.15 .892 .189 .095 1.208  8.58 5.3
MgO .......... pet ...l ICP......... 1.2 .94 3.83 9.28 2.55 .66 2.28 .59 3.21 2.5
MnO........... pet...o.o. ICP......... 60.4 31.9 47.6 35.8 64.9 79.5 63.4 .21 27 .22
CaO........... pet......... ICP......... .32 4.27 1.68 1.04 18 .12 .04 12 .89 1.6
NaO.......... pet.....o... INAA....... .008 .015 .058 .023 .015 .007 .009 .28 1.52 4.4
KO.....ovnu pet......... FAAS....... <1 <1 <.1 <.1 <.1 <.1 <1 .34 4.08 1.0
COpvvvveennnnn pet......... Coul......... 23.6 23.0 19.8 3.09 5.06 4.69 .66 - - .25
HO+ «.vvnn... pet..on.... Pen. ........ 3.2 3 4.6 9.0 3.7 2.7 7.5 272 %.0 3.3
HO—......... pet......... Grav, ....... 1 .1 .9 1.8 1 1 4 - - -
PoOsevvvennnnn. pet......... ICP......... <.06 <.06 12 37 <.06 <.06 <.06 .05 .35 .09
) D ppm........ ICP......... 93 81 370 970 390 72 63 419 5215 3342
Voo ppm........ ICP......... 91 <5 1200 480 470 460 140 20.4 128.3 127
Co.vvvrvnnnnn, ppm........ INAA....... 6.61 1.72 22.1 13.1 26.2 8.8 5.26 8.0 27.8 16.6
)\ PN ppm........ ICP......... 170 79 350 150 840 650 740 22.4 105 53
Cu..ooovvnntn ppm........ ICP......... <5 11 110 64 59 8 <5 4 130 21
n ..ol ppm........ FAAS....... 530 110 320 220 1300 2700 630 24.8 105.4 92
W, ppm........ Sep, ICP.... 40 <1 <1 1.7 22 30 89 - - <1
Th............ ppm........ INAA....... .214 .18 97 2.26 1.48 .180 073 - - 6.04
U.oiooeninne ppm........ INAA....... .55 <3 1.23 .59 .84 1.07 1.05 - - 1.84
Te.oovviennnn. ppm........ Sep, GAAS .03 <.02 13 13 .14 <.02 <.02 - - -

[ ppm........ GAAS....... <2.0 14 7.0 16 12 2.3 7.5 10.6 89.4 170
As ..oviiiill ppm........ FAAS....... 94 5.0 63 110 120 190 210 - - 10
Cd....co.oetns ppm........ Sep, GAAS 1.5 .56 1.5 .43 .64 1.5 3.6 - - -
Shoeiviien., ppm........ INAA....... 12.0 122 1.62 14.0 6.01 22.6 24.1 - - 1.31
Mo............ ppm........ Sep, ICP . 36 1.2 4.0 740 3.5 73 29 - - <2
Be............ ppm........ Sep, GAAS <.2 <.2 .28 .52 43 .25 .78 - - .96
B..ooooooosl ppm........ SQES....... 71 <3.2 230 580 390 100 74 - - -
Li..oooovnnns, ppm........ Sep, FAAS .. <5.0 12 12 42 12 <5.0 <5.0 12.9 36.3 42
Se.ooviiiiii, ppm........ INAA....... .995 .419 2.45 5.51 4.20 1.547 1.06 - - 14.9
Sr.o.....o.oil ppm........ ICP......... <2.5 120 33 27 3.0 <2.5 <2.5 - - 156
Ba............ ppm........ XRF-EDA 21 5200 70 400 74 <5 <5 214 870 337
Y/ ppm........ XRF-EDA <5 <5 <5 50 33 25 <5 - - 137
Hf............ ppb.. ... INAA....... 106 450 331 830 490 177 <200 - - 3420
Nb.......c.... ppm........ Sep, ICP <1 <1 <1 2 <1 <1 <1 - - 8
Ta...cooveennn, 98]« R INAA....... 17 16 90 237 88 <20 <100 - - 624

Y. .o ppm........ ICP......... <5 <5 <5 15 <5 9 <5 6.1 37.4 16
La...ooooennt ppm........ INAA....... .1 1.59 8.2 14.0 3.26 14.7 .82 - - 20.0
Ce.ovvvnnnnnn ppm........ INAA....... 1.66 1.97 12.2 26.9 14.3 4.5 <.2 - - 36.9
Nd............ ppm........ INAA....... <4 <6 8.0 15.2 3.9 12.6 <7 - - 16
Sm............ ppm........ INAA....... .248 .454 1.91 2.99 .84 3.15 117 - - 3.60
Eu............ ppb......... INAA....... 57 118 420 690 195 782 <90 - - 818
Th......ooil ppb. ...l INAA....... 22 79 287 422 196 526 35 - - 473
Ho............ ppb. .ol INAA....... <600 <700 <900 670 <900 940 <900 - - -
Yb.oovvriiiint §0)5) TR INAA....... 151 550 860 1230 610 1460 810 - - 1700
Lu............ ppb......... INAA....... 28 86 142 226 138 246 169 - - 256

! Total Fe reported as Fe,0,.
2 Loss on ignition.

8 Average of total water content of 6 samples, excluding B44, for which there was insufficient sample for analysis.
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the sedimentary pile arrested the transformation of opal
to quartz. In contrast, we found no evidence of any relic
opaline phases in the rhythmic chert, in massive chert, in
chert interlayered with manganese minerals at the mar-
gin of the orebody, or intimately intermixed with man-
ganiferous minerals within the orebody. In the ore lens,
much (presumed) skeletal debris has been replaced by
rhodochrosite or caryopilite, compositions that have
been confirmed by energy-dispersive X-ray analysis.The
best preserved textures are “necklaces” of anhedral
carbonate crystals that lack the orderly arrangement of
skeletal plates of organisms; these necklaces may not
originally have been siliceous. In X-ray diffraction pat-
terns, quartz is well crystallized. The quintuplet of peaks
resulting from the (122), (203), and (301) reflections is
generally well resolved, and the few cases of poor
resolution can be attributed to admixed phases. In
particular, the (030) reflection of rhodochrosite coincides
with the (212) reflection of quartz. The erystallinity index
a/b (table 7) based on these quartz reflections, which is a
qualitative measure of grain size, structural order, and
goniometer slit-widths and alignment, averages about 10
on a scale of 11.6. Thus, our values are greater than the
values of 6 to 7 (on the scale of 10 proposed by Murata
and Norman, 1976) reported by Hein and others (1987).
The existence of such well-crystallized quartz is inconsis-
tent with the presence of opaline phases. In a final
attempt to confirm the report of opaline silica, we
dissolved the carbonate from 11 samples, using 2 N HCI,
but found no reflections attributable to cristobalite or
tridymite. Mineral impurities found in the cherts and
quartz-rich materials are rhodochrosite, taneymalite,
caryopilite, chlorite, smectites with spacings from 15A to
25A, acmitic clinopyroxene, and iron oxyhydroxide
(table 7).

The discovery of chert and volcanism in modern deep
ocean basins has led to the use of major-element compo-
sitions to distinguish between pelagic (organic), detrital
(abiogenic), and hydrothermal sources of silica (Adachi
and others, 1986; Yamamoto, 1987). By this reasoning,
the hydrothermal component is Fe- and Mn-rich and Al-
and Ti-poor, the detrital component is Al- and Ti-rich,
and the pelagic component has low concentrations of all
four elements. Hein and others (1987) presented average
compositions for 35 cherts, 4 argillaceous cherts, 7 sili-
ceous argillites, and 7 argillites (metashales) from the
Ladd-Buckeye district. The compositional contrast of
these rocks with Franciscan cherts and shales deposited
above metabasalt is striking (Yamamoto, 1987). At the
Buckeye, the cherts appear to be pelagic with a minor
detrital, rather than hydrothermal, component. The
interbedded metashales have Al,O; and TiO, contents
that are similar to those of average shales and gray-
wackes; thus the Buckeye metashales appear to have a

significant detrital component, perhaps related to the
finest fraction of the graywacke. Later we will show that
the rare-earth-element (REE) patterns of the cherts and
shales mimic the patterns for the graywackes, reflecting
an REE-rich detrital component. However, because the
detrital (graywacke) component tends to be REE-
enriched, even a small proportion of detrital component
could obscure the contribution of a hydrothermal compo-
nent to the REE pattern for the chert or metashale.
Complete trace-element data for all three rock types
might permit better estimates of the proportions of
detritus.

PROVENANCE

Sediments of the Grummett broken formation, host of
the Buckeye manganese deposits, were predominantly
clastie, both biogenic and abiogenic. The metashale inter-
beds associated with the chert may in part represent a
chemically precipitated component, perhaps of hydro-
thermal origin, but the proportion of such a component,
if present, is uncertain. The biogenic flux consists of
radiolarian debris and whatever pelagic contribution is
contained in the metashales and thus was ultimately
derived from a marine water column. The abiogenic flux
is represented by the conglomerates, metagraywackes,
and associated shales, and a background component of
clays that formed the metashales. Clasts of chert, shale,
porphyritic voleanic rocks, plagioclase, coarse quartz,
and chromite found in the conglomerate and graywacke
cannot have come from a single lithologic source. Three
or four sources are needed: one of low metamorphic
grade, perhaps within the Franciscan Complex itself; a
quartz-bearing igneous or metamorphic terrain, perhaps
a continental margin or magmatic arc; an ultramafic (or
ophiolitic) terrain that could provide the detrital chro-
mite; and an ultramafic to mafic source that could provide
the iron- and magnesium-rich graywacke matrix.

REGIONAL METAMORPHISM

The presence of lawsonite + quartz + albite + chlorite
and minor glaucophane, combined with the absence of
zeolite, zoisite, and epidote, indicates metamorphic con-
ditions between 175 and 300 °C and greater than 4 kbar
(fig. 3; see also Cotkin, 1987). Because aragonite is
known to transform readily to calcite at low pressure, the
presence of calcite within the Grummett broken forma-
tion is not diagnostic. However, the presence of
aragonite-bearing veins in the graywacke near the
boundaries of the Grummett broken formation is an
indicator of the minimum pressure achieved in the veins
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TABLE 7.—Characterization of siliceous samples from the Buckeye deposit, California Coast Ranges, by X-ray powder diffractometry
[Color terms from Goddard and others (1970). Estimated intensities of X-ray powder diffraction intensities: S, strong; M, moderate or moderately; W, weak; VW, very weak; -, not observed.
a/b, crystallinity index explained in the text]

Sample B10 B64 B25b B72 B4 B77 B93
Color Moderate Pink with Very pale Pale red Pink, brown, Pale brown Pale olive
yellowish gray veins orange and gray
brown
Rock type Chert, Carbonate Vein Chert Carbonate Chert Argillite
Quartz.................. S M M MS M S S
Chlorite..........ovuen... - - - - - - M
Caryopilite.............. MW - - - - - -
Smectite ................ w - - - vw vw -
Biotite.................. - - - - - - MW
Muscovite........ovvinnn. - - - - - - MW
Acmitic pyroxene......... - - - - - - MW
Rhodochrosite............ vw S S w S M -
Ca-Mnecarb............... - - - - W - -
Hematite ................ - - - W - W -
Other.................... - - - - - W -
ab. 10.7 6.4 7.4 9.8 W 10.2 10.0
Sample B9% B97a 65H23 65H24 65H66Aa 65H66Ab 65H66Ac
Color Dark Grayish Light Pinkish Pinkish Olive gray Dark
yellowish orange brownish gray gray yellowish
brown and pink gray brown
Rock type Carbonate Carbonate Chert Chert Chert Chert Chert
Quartz...........ooeiinn. M M S S S S S
Chlorite. . .......ocvvvunn. \'AV - - - - - -
Taneyamalite............. - - - - - MW MW
Smeectite ..ot w w - - - w -
Acmitic pyroxene......... MW - - - - - -
Rhodochrosite ............ S S - - w - -
Other.................... w - - - - w -
ab e 10.0 5%} 11.5 9.0 10.0 11.1 12.0
Sample 65H67 65H68a 65H68b 65H69a 65H69b 65H69¢ 65H69d
Color Very light Pale yellowish Dark yellowish Medium gray White Light olive Brownish
gray brown brown gray gray
Rock type Chert Chert Chert Chert Chert Chert Chert
Quartz................... S S S 82 S S S
Taneyamalite............. - - - MW - w w
Smectite................. - w vWw w w - -
Acmitic pyroxene......... - w - - - - -
Rhodochrosite ............ - - w - MW - w
Other.................... - W - - - - -
alb .. 11.4 9.5 10.5 8.1-8.8 10.1 11.1 9.4
Sample 65H69¢ 65H69f 65H71 65H76a 65H76b 65H76¢ 65H171
Color Speckled Brownish Very light Pale yellowish Pale reddish Dark Brownish
yellowish gray gray brown brown yellowish gray
gray brown
Rock type Chert Chert Chert Chert Chert Chert Chert
T S s s s s s s
Chlorite......coovvvvnan... - - - - - VW w
Taneyamalite............. - w - - - - -
Smectite................. - - w ? w - -
Acmitic pyroxene......... - - MW MW MW - VW
Rhodochrosite............ w w - - - - -
ab ..o 11.4 11.6 10.2 10.3 10.2 10.1 10.65

! Unable to determine crystallinity index because of interference by (030) peak of rhodochrosite.
2 Weak reflection present at 21.8° is too sharp for opal.
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BRAUNITE PROTOLITH

Braunite occurs as thin laminations (10 pm) commonly
grouped into layers (B71b, fig. 6A; B81, fig. 4F'; B95, fig.
5F) that may be so closely spaced as to appear massive
(656H19, 65H170). Opaque braunite layers range from
poorly crystalline layers (lacking metallic reflectance but
giving the characteristic braunite X-ray reflections) to
coarsely crystalline mosaics of anhedral crystals that
exhibit the characteristic braunite anisotropy in shades
of brownish gray. X-ray reflections at 33.0°, 38.1°, and
55.3° are characteristic. We found no braunite II (see De
Villiers, 1980). Braunite is interlaminated with rhodo-
chrosite, caryopilite, gageite, and, rarely, hausmannite.
The coarsest crystals, 0.2 to 0.5 mm in size, invariably
grow against carbonate at the margins of laminations. In
their extent of deformation, the layers range from coher-
ent through broken (B6; B81, fig. 4F) and dismembered
(B53, B5b) to a micromelange in which laminated braun-
ite layers are engulfed in carbonate and give no indica-
tion of their original spatial relationships (B59). Braunite
layers fractured into fragments, but protolith braunite
was never observed to have flowed to surround frag-
ments of another protolith. On a smaller scale, braunite
layers contain many fractures that originate within,
rather than pass completely through, the layers. Some
braunite layers shattered such that the individual frag-
ments are slightly separated but did not change their
relative positions (B80, fig. 61). This behavior suggests
that braunite had gel-like mechanical properties. An
unusual texture in which “toes” of coarsely crystallized
braunite protrude into a mixture of rhodochrosite, chlo-
rite, caryopilite, and fine-grained braunite (B95, fig. 5E)
probably reflects the loss of fluids by passage through a
braunite layer. This texture is similar to the dewatering
texture in chert (fig. 5D) mentioned previously.

A Dbraunite-rich protolith with carbonate, caryopilite,
gageite, and chlorite as impurities was analyzed chemi-
cally (B95, table 6). The only major constituents (greater
than 2 percent) are Mn, SiO,, CO,, H,0, and Mg. This
protolith has relatively high Co and Ni (26 and 840 ppm,
respectively), but no other trace-element concentrations
are characteristic. The 22 ppm W reflects admixed
gageite. The REE abundances are higher than those in
the carbonate (B50) and gageite (65H79) protoliths but
lower than those in the caryopilite, graywacke, and
metashales (fig. 7B). The Ce/La is 4.4 and the Ce
anomaly is very well developed. The contrast between
the patterns for the hausmannite-rich and braunite-rich
protoliths is striking. Because Ce has both trivalent and
quadrivalent oxidation states, whereas La is exclusively
trivalent, the variation in Ce/La may indicate relative
redox states during deposition of the protoliths, with the
hausmannite protolith being deposited under more

reducing conditions than the braunite protolith. This
interpretation is consistent with the Mn*%/Mn™*? in these
oxides.

DIOPSIDIC ACMITE PROTOLITH

In addition to the chert and metashale, a nonmangan-
iferous bed composed of extremely fine grained diopsidic
acmite (B94, B96) occurs adjacent to braunite in the
exploration adit that lies at approximately the same
horizon as the south Buckeye orebody.

SUMMARY OF PROTOLITHS

Most Mn-rich samples from the Buckeye deposit con-
tain relic layering, suggesting that the orebody was
originally layered rather than massive, composed of
interlaminated and interlayered sediments that are now
represented by eight minerals. We believe that the
surfaces bounding the laminations represent the original
bedding planes, parallel to the sediment-seawater inter-
face. While in a soft-sediment state, the more rigid,
gel-like layers broke or fractured and the less competent
muds flowed, resulting in internal structures that range
from layered and laminated to massive. This range of
structures is probably responsible for the conflicting
descriptions of the ore by our predecessors. By this
reasoning, their massive ore corresponds to our most
intensely dismembered material. Because there is no
clear evidence of bioturbation, the disruption and dis-
membering of layers probably is due to compaction or
tectonism.

Organisms had a passive role in providing a detrital
component (radiolaria). Direct evidence for either an
active or passive role in precipitation of manganese is
lacking, even though marine bacteria are known to
oxidize and reduce manganese (Nealson, 1983). At a scale
0f0.1to 1 um, we observed no oval structures that might
be indicative of bacterial cell walls (Ghiorse and Hirsch,
1979) and no casts of bacterial or algal filaments
encrusted with oxides (Alt, 1988) or sulfides and oxides
(Jonasson and Walker, 1987). In contrast, Ostwald (1981)
found fossil algal oncolites and probable coccoid bacteria
in Cretaceous shallow-marine manganese ores from
Groote Eylandt, Australia. On the basis of this finding
and the existence of microorganisms that precipitate
manganese oxides, he concluded that 10- to 30-pm-thick
laminations in manganiferous metashales have “organo-
sedimentary structure” (p. 561-562). A recent report of
delicate orange bacterial mats near low-temperature
vents (Malahoff and others, 1987) is tantalizing, in part
because the existence of such mats would be consistent
with the lack of bioturbation, but we have no evidence to
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prove that the laminations in the protoliths at the
Buckeye deposit are of organic origin.

Replacement textures such as islands of relic Mn-poor
sediment in Mn-rich sediment, which would indicate
introduction of manganese after deposition of sediment,
were nheither observed by us nor reported by earlier
workers. Indeed, it is hard to imagine that the extremely
fine-grained gel-like materials could survive manganese
metasomatism without recrystallizing or that a lami-
nated nonmanganiferous sediment could be replaced by
the observed Mn-rich compositions while at the same
time preserving the intricate laminations and developing
the striking compositional contrast between layers.
Thus, the manganese-rich nature of the orebody and the
compositional contrast between laminations appear to be
primary features, a conclusion similar to that reached
years ago by Taliaferro and Hudson (1943, p. 272). All
fibrous and sparry rhodochrosite, braunite, hausman-
nite, and fibrous brown Mn-silicates observed by us are
recrystallized primary sediments. These minerals are
not diagnostic of postsedimentary hydrothermal or
supergene activity, a view promulgated by Hewett
(1972).

The Buckeye orebody is extraordinarily manganese
rich; most protoliths can be described by the system
MnO-Si0,—0,—CO0,—H,0. Trace metals occur at much
lower bulk concentrations than in many other marine
manganese deposits, but the range of trace-element
concentrations among protoliths is so large that the
maximum values of some trace elements (Se, Cr, V, Mo,
Ba, W) equal or exceed average values (Cronan, 1977) for
some trace-element-rich ferromanganese erusts and nod-
ules. The bulk chemistry of the orebody reflects pro-
cesses that separated manganese from iron and sulfur
with extreme efficiency. The complementary iron does
not occur within the orebody or the surrounding enve-
lope of massive chert. The metashales have high Fe/Mn
and may contain this iron complement, but we have not
determined whether the metashales reflect an original
detrital composition, contain a hydrothermal component,
or are a residue (manganese was leached from the
protolith of the metashale). The bed of diopsidic acmite is
evidence that at least some iron-rich sediment was
deposited adjacent to a manganese-rich sediment. No
concentrations of sulfur (pyrite or other sulfide) were
found, and the protoliths contain only trace quantities of
iron and copper sulfides.

MINERAL CHARACTERIZATION AND
CHEMISTRY

Representative microprobe analyses are given in
tables 8 to 12. These analyses and additional analyses are

plotted in figure 9. Each plotted point represents either
an average of three or more analyses of homogeneous
phases (hausmannite, braunite, santaclaraite, parsetten-
site(?), tale, pennantite, clinopyroxene, smectite, phases
A, B, C, D, and most rhodochrosite) or an individual
spot-analysis of a heterogeneous phase (gageite, chlorite,
caryopilite, some phase A) or mixture of phases (chlorite-
caryopilite, taneyamalite-phase A). (The nominal com-
positions of most of these phases are listed in table 1;
phases A-D have not yet been identified as known
mineral species and are discussed later.) Minerals
present in thick laminations were initially identified
optically and were confirmed by XPD. These identifica-
tions formed the basis for the initial selection of materials
for microprobe analysis. Identification of layers that
were too thin for routine sampling and XPD was prob-
lematic. Microprobe analyses of these laminations dem-
onstrated that we could not rely upon optical techniques
alone to identify the fine-grained phases. Thus, micro-
probe chemical analysis became an essential tool in
routine mineral identification.

Manganiferous materials display textures ranging
from gel-like through partially recrystallized gel-like
material to crystalline material; from subcrystalline to
granoblastic; and from massive and claylike to well
foliated. Although this variety of textures is shown in the
photographs, it is important to recognize that the diver-
sity is largely due to overprints. The original sediments
were gels, or gel-like materials, clay, and micrite.

GEL-LIKE MATERIALS

Our least recrystallized gel-like materials are color-
less, pale yellow or pink, optically isotropic, and have
compositions of sheet silicates (chlorite, caryopilite). The
gel-like materials appear to be cohesive and to have
fractured, rather than flowed, to form curved surfaces.
Gel-like materials of varied compositions are known to
form in other environments. Nahon and others (1982)
described a colorless to straw-colored trioctahedral Mn-
rich smectite “plasma”; this material may be similar to
our silicate gel-like materials. Hoffert and others (1978)
found gel-like inclusions of Mn-rich oxyhydroxides in Fe-
and Si-rich marine sediments. These inclusions appeared
to crystallize to rancieite and todorokite. Haggerty
(1987; oral commun., 1987) reported dredging a nearly
amorphous white mass with the consistency of petroleum
jelly from a seamount in the Mariana forearc. This
material contains Mg and Si but no Al and gave a very
weak X-ray pattern similar to that of allophane. Brett
and others (1987) reported the occurrence of gel with
serpentine composition from the Juan de Fueca Ridge.
Thus, there is precedent for the formation of silicate and
oxide gel-like materials in recent geologic environments.
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TABLE 8. —Compositions of gel-like materials, in weight percent, from the Buckeye deposit, California Coast
Ranges, determined by electron microprobe analysis

[Total Fe and Mn reported as FeO and MnO, respectively. nd, not detected;

na, not analyzed. H,O not determined, resulting in low oxide sums for

caryopilite, caryopilite-chlorite, and chlorite]

Caryopilite-
Caryopilite  Chlorite Chlorite Braunite
Sample BI1 B24 B50 B24 B24 B7lb B8O B48 B80
Column 1 2 3 4 5 6 7 8 9
SiOg . v e e 37.2 33.8 29.5 31.1 36.2 364 34.7 33.9 10.4
£ .95 11.7 177 172 129 14.0 13.9 14.0 nd
TiOsg. e e vei i nd nd nd nd nd nd nd nd .36
VoOg oo iei e nd nd nd nd nd nd nd nd nd
MnO........oovv i 47.8 23.5 156 11.8 114 420 555 438 1784
MgO.. ..o e 2.90 16.5 23.8 24.0 23.6 288 31.0 333 nd
FeO.. ..o .40 2.39 .83 153 3.01 39 .20 .20 3.20
NiO oo 10 .69 31 1.05 1.64 .33 41 1.49 nd
nO.. 17 31 nd .33 77 .67 112 na 11
Cal.ooiiiiii i nd .05 nd 140 .19 47 11 nd .48
NayO.oon e .04 .04 .04 05 .08 11 .13 nd nd
SUM...oovviviinnnennnnn.. 89.56 88.98 87.78 87.20 89.79 85.37 87.12 87.27 92.95
1. Partly devitrified caryopilite with gageite laths (table 9, analysis 2; fig. 8D); 4 points averaged.
2. Devitrified yellow mass within rhodochrosite (fig. 8C); 9 points averaged.
3. Tsotropic gel-like material within rhodochrosite layer (fig. 6G,H); 3 points averaged.
4. Pink, isotropic gel-like material; contains rhombs of rhodochrosite (fig. 6E,F); 4 points averaged.
5. Partly devitrified gel-like material with phase A (table 9, analysis 10); 3 points averaged.
6. Isotropic gel-like material with braunite (figs. 64,B); 5 points averaged.

7. Partly devitrified gel-like material with anomalous deep
caryopilite; 3 points averaged.

blue birefringence and a high Zn content within layer of

8. Partly devitrified chlorite with high Mg and Ni found with gageite and rhodochrosite; 3 points averaged.
9. Layer of now-crystallized gel-like material (fig. 61); 3 points averaged.

The preservation of gel-like materials from Jurassic or
Cretaceous time was initially surprising to us but
appears to be possible if metamorphism is at low tem-
peratures and under dry conditions.

Various textures of gel-like materials are shown in
figure 6, and representative compositions are given in
table 8. Most well-preserved gel-like materials have
chlorite composition with variable concentrations of mag-
nesium and minor elements (table 8, analyses 3-8); one
isotropic gel-like material has caryopilite composition
(table 8, analysis 1). A nearly isotropic fragment of very
pale yellow gel-like material, removed from a thin section
of B57, gave a strong X-ray powder diffraction pattern of
chlorite. Isotropic gel-like material of chlorite composi-
tion occurs as fragments (fig. 6F, table 8, analysis 4; fig.
6B, table 8, analysis 6) and as residues within gageite and
rhodochrosite (figs. 6G,H, table 8, analysis 3). Note the
similarity between the texture of this residue and the
texture of the dismembered carbonate protolith (fig. 5A).
Commonly, gel-like material having chlorite composition
is partly recrystallized, and sometimes it occurs with
gageite (table 8, analysis 8), caryopilite (fig. 8B, table 8,
analysis 7), or braunite (fig. 6B, table 8, analysis 6).
Totally isotropic material with a gageite composition has
not yet been found. However, the materials from which
gageite has crystallized have residues depleted in gageite

component (figs. 6G,H, table 8, analysis 3). In addition to
rare isotropic gel-like material of caryopilite composition
(fig. 8D, table 8, analysis 1), disrupted layers and frag-
ments of layers with a partly devitrified to wispy texture
yield compositions between those of caryopilite and
chlorite (fig. 8C, table 8, analysis 2). A further indication
that some caryopilite originally was a gel-like material is
the occurrence of remarkably transparent yet anisotrop-
ic caryopilite layers in B20 (fig. 5B). Evidence that
braunite layers were originally deposited as gel-like
materials is the shattered texture due to curved and
branching fractures that are confined to a braunite layer.
This texture is probably caused by partial dehydration
and shrinkage (fig. 61, table 8, analysis 9) or by tectoni-
cally induced shock.

The compositions of individual silicate species are not
uniform, even within a single sample or layer, indicating
that equilibration between the silicates (and between
silicates, oxides, and carbonate, as discussed below) did
not occur. In part, the range of compositions is attributed
to very fine scale mixing of two silicates, which cannot be
resolved with the microscope or the microprobe (fig. 9);
the silicates also occur as monomineralic material within
the same sample. In some cases, the actual end-member
composition cannot be defined, making difficult the dis-
tinction between a single phase and a mixture.
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TABLE 11.—Compositions of rhodochrosite from the Buckeye deposit,

California Coast Ranges, determined by electron microprobe analysis
[All carbonates also analyzed for Sr, Ba, Zn, Ni, and V, but these elements were not detected.
CO, calculated from stoichiometry, assuming C=1.000. nd, not detected}

Sample B45b B53 B53 B6 B24 B53
Column 1 2 3 4 5 6
Oxides, in weight percent
MnO........... 59.6 56.9 574 57.5 53.3 52.7
MgO........... 1.17 2.19 1.21 1.561 41 .74
CaO............ 13 1.78 2.34 1.68 5.80 6.89
FeO............ A1 .09 .08 .09 .46 .08
Subsum . ... 61.01 60.96 61.03 60.78 59.97 60.41
COpuvevvvnnnnn 38.64 39.10 38.88 3890 39.00 39.21
Sum ....... 99.65 100.06 99.91 99.68 98.97 99.62
Number of cations per formula unit
Mn............. 0.962 0.902 0.917 0.922 0.862 0.839
Mg............. .033 .061 .034 .043 .012 021
[ .003 .036 .047 .034 119 139
Fe....oooooo0 .002 .001 .001 .001 .007 .001
Covnnniiinn 1.000 1.000 1.000 1.000 1.000 1.000
Cation sum ..... 2.000 2.000 1.999 2.000 2.000 2.000

1. Coarsest grained rhodochrosite from rhodochrosite protolith (fig. 54); 4
points averaged.

2. Rim of coarse-grained rhodochrosite in contact with braunite (table 12,
analysis 1); 8 points averaged.

3. Core of same coarse-grained rhodochrosite; 3 points averaged.

4. Fine-grained rhodochrosite with hausmannite (table 12, analysis 5; fig. 8F);
4 points averaged.

5. Coarse rhodochrosite with phase A (table 9, analysis 10; fig. 8E); 8 points
averaged.

6. Rhodochrosite vein cutting braunite; 3 points averaged.

chlorite, the composition range of gageite is very small.
No consistent correlation of composition with color,
texture, or associated minerals was found. The greatest
range in composition was found in samples 65H79 and
65H86. The observed color differences may be due to
variable amounts of Mn in other than the +2 oxidation
state. There is a good inverse correlation between Mn
and Si + Mg (table 9, analyses 1-4). Small amounts of
nickel (up to 0.5 weight percent NiQ) were detected in
most gageite.

Chemical formulas obtained for gageite from the Buck-
eye are inconsistent with those reported by Moore
(1969), Dunn (1979), and Ferraris and others (1987) for
gageite from other localities. The crystal structure of
gageite described by Moore (1969) consists of walls of
edge-sharing octahedra corner-linked to bundles of edge-
sharing octahedra. Silicate tetrahedra reside in pipes
or channels and support the framework structure by a
network of oxygen bonds. Moore proposed M,5(Si;»055)
[0¢(OH)] as the formula, where M represents the
divalent cations Mn, Mg, and Zn, and M/Si = 3.50.
Ferraris and others (1987), using electron diffraction and
transmission electron microscopy, confirmed the general

octahedral structure but found that the distribution of
the silicate tetrahedra within the channels was not
consistent with the crystal-chemical model of Moore.
They found two kinds of interlinked modules built by
chains of edge-sharing octahedra and proposed M,;0q
(OH),((Si,0,5), with M/Si = 2.625 as the formula for
gageite. Dunn (1979) analyzed gageite from Franklin,
N.J., and proposed the empirical formula M,;Si;5O50
(OH),, with M/Si = 2.67. In the analyses by Dunn, M/Si
ranges from 2.63 to 2.74. Significant ZnO and MgO
(3.8-5.2 weight percent and 10.1-12.9 weight percent,
respectively) were also present, leading to the sugges-
tion that Zn and Mg are essential constituents. Unlike
gageite analyzed by Dunn (1979), gageite from the
Buckeye contains little or no Zn, and there is only minor
substitution of Mg for Mn, indicating that Zn and Mg are
not essential structural constituents. Most Buckeye
gageite has M/Si or M/(Si+Al) of about 2.49 to 2.55,
outside of the range of the analyses of Dunn (1979) and
consistent with the formula Mg(Si, A1);0 o (OH),, (ideal
M/Si = 2.50). Because of scatter in our data, some
analyses are consistent with the formula of Dunn (1979)
and others are inconsistent with any of the discussed
formulae. The best agreement with our empirically
derived formula (M:Si = 5:2) is obtained when there are
4.5 to 4.9 Mn cations per 9 anions; as Mn decreases from
4.5 to 4.1 cations, Si increases to about 2.2 and M/Si
decreases to about 2.11. In a few analyses with fewer
than 3.9 Mn cations, Si decreases with decreasing man-
ganese content. We do not know whether the trace
amounts of tungsten in gageite-bearing protoliths occur
in gageite or another phase.

Despite the extreme color variation—from almost
transparent and colorless, through deep red or brown, to
opaque in thin section—we found no relationship
between gageite composition and color. A possible expla-
nation relates to the intense absorption of the Mn™® ion,
which dominates the Mn "2 ion in spectra of oxides. Thus,
even minute amounts of Mn*® ion would color the
gageite, yet we would not be able to see any difference in
gageite composition by electron microprobe techniques.
The occurrence of gageite supports this explanation: the
centers of gageite septa (deformed protolith layers) tend
to be intensely colored, whereas gageite laths growing
into gel-like material or against carbonate tend to be
almost colorless. We initially thought that dark color in
gageite was due to supergene oxidation by fluids that
followed gageite veins and did not alter the enclosing
rhodochrosite. However, we observed that pieces of
carbonate, left on the surface for 20 years, developed a
black oxide rind even in the dry environment of the
Diablo Range. Thus, in the absence of any other evidence
of supergene alteration, such as alteration of the carbon-
ate immediately adjacent to the gageite, we propose
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TABLE 12.—Compositions of the oxides braunite (columns 1-4) and hausmannite (columns 5-8) from the Buckeye deposit, California Coast

Ramnges, determined by electron microprobe analysis

[nd, not detected; na, not analyzed. MnO, Mn,0g, FeO, Fe,O;, Mn*%, Mn*2, Fe*® Fe*? calculated by assuming ideal stoichiometry of 8 cations per 12 anions for braunite and 3 cations per

4 anions for hausmannite]

Sample B53 B53 B6 65H170 B6 B106 65H79 65H170
Column 1 2 3 4 5 6 7 8
Oxides, in weight percent
SiOp.vvivininnnnnn.. 9.79 9.88 9.87 10.0 0.22 nd nd nd
TiOg.oovvvnneninae., nd nd nd nd .05 nd nd nd
Mn,Og..oovinvinnnnn. .5 6.7 78.4 8.6 67.8 69.2 69.8 69.1
Fe,O oot .23 .51 A7 .24 .480 0 .21 .40
ALOg oo nd nd 27 nd nd nd nd nd
CroOg.vvviennennnn nd nd na na na na na na
VoOg oovvevennnnnn nd nd nd nd .05 12 .08 nd
MnO................. 10.9 10.6 11.1 11.6 0 30.3 29.0 30.6
FeO..oovvvvvennnt, 0 0 0 0 0 0 0 0
MgO................. .05 11 .15 nd .03 .36 1.33 .46
NiO........oevnint .14 .33 nd nd nd .08 .15 nd
ZnO.......ooveene. nd nd nd nd .07 .09 nd nd
CoO.ovvvvinnnnnin.. nd nd nd nd nd nd nd nd
CaO............cvnt .34 .40 18 .15 .07 nd nd nd
BaO................. nd .03 nd nd nd nd nd nd
Na,O................ nd nd nd nd nd nd nd nd
Sum........... 98.95 98.56 100.44 100.59 99.77 100.15 100.57 100.56
“MnO™............e. 80.52 79.59 81.63 82.19 91.89 92.56 91.71 92.74
“FeO™ .. .ot 21 .46 42 22 .43 nd .19 .36
Number of cations per formula unit
3 0.995 1.006 0.985 1.000 0.008 0 0 0
P 0 0 0 0 .001 0 0 0
Mn*® . ... 5.992 5.947 5.961 5.984 1.967 1.996 1.991 1.982
Fe'™ .. .. ... ....... .018 .039 .035 .018 .014 0 .006 .011
Al 0 0 .032 0 0 0 0 0
Crovreii e 0 0 0 0 0 0 0 0
Vo 0 0 0 0 .002 .004 .002 0
Mn*2.. .. ... ......... .938 917 .944 980 1.000 973 .922 .978
Fe' i, 0 0 0 0 0 0 0 0
Mg..ooviiiiiiit .008 .017 .022 0 .002 .020 074 .026
Nioooooiiiiii et .011 027 0 0 0 .002 .005 0
Y/ 0 0 0 0 .002 .003 0 0
Co v 0 0 0 0 0 0 0 0
[ .037 .044 .019 .016 .003 0 0 0
Ba ..ol 0 .001 0 0 0 0 0 0
Na.ooovviiiiiio., 0 0 0 0 0 0 0 0
Cation sum..... 7.999 7.998 7.998 7.998 2.999 2.998 3.000 2.997
* Total Mn as MnO and total Fe as FeO, obtained by electron microprobe analysis.
1. Coarse-grained braunite rims in contact with rhodochrosite (table 11, analysis 2); 3 points averaged.
2. Fine-grained braunite with rhodochrosite in cores of grains (rim composition is given in this table, analysis 1); 3 points averaged.
3. Braunite coexisting with hausmannite (analysis 5, this table; fig. 8F); 3 points averaged.
4. Braunite coexisting with hausmannite (analysis 8, this table); 6 points averaged.
5. Hausmannite from hausmannite-braunite-rhodochrosite sample; 3 points averaged. Braunite is analysis 3, this table.
6. Hausmannite from hausmannite-rhodochrosite sample; 6 points averaged.
7. Hausmannite layer within gageite; 3 points averaged.
8. Hausmannite coexisting with braunite (analysis 4, this table); 3 points averaged.

instead that the intense coloration of the gageite proto-
lith reflects its initial oxidation state and that the light-

colored marginal laths have inherited the (presumably)
more reduced state of the adjacent carbonate and cary-

opilite protoliths.

CARYOPILITE AND CHLORITE

Caryopilite generally is orange or orange brown and
contains about 0.1 weight percent each of NiO and ZnO;

the concentrations of V,03 and TiO, are generally below
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FIGURE 9. —Summary of chemical analyses of samples from the Buck-
eye deposit, California, plotted in the system Mn-Si-Others, where
Others consists principally of the elements Mg, Al, Fe, V, Ti, Ni, Zn,
Na, and Ca. Cation proportions. A and B, microprobe analyses of
discrete phases; C, analyses of mixtures of phases, plus single-phase
vein carbonates; D, bulk analyses of representative protoliths. The
clustering of microprobe analyses does not represent the bulk
composition of the deposit. Bulk analyses of protoliths fall near Mn on

the detection limits of the microprobe (table 9, analyses
5-7). The iron concentration is commonly less than 3
weight percent FeO. The aluminum and magnesium
concentrations of material with the appearance of cary-
opilite range from those of near endmember caryopilite

Si

D
< - N N R R B

3 Others

¥ Others

the Mn-Si join. Symbols: Ta, taneyamalite; Ca, caryopilite; Ga, gageite;
Br, braunite; Mn-chl, Mn-rich chlorite; Mg-chl, Mg-rich chlorite; Rde,
Mn-rich carbonates; Pa, parsettensitelike mineral; Sa, santaclaraite;
A, B, C, and D, minerals designated phase A, B, C, and D; Te, tale; Px,
acmitic diopside; Sm, smectite; Ti, titanite; Ha, hausmannite. In C,
squares represent analyses of phase A-taneyamalite mixtures, circles
represent analyses of caryopilite-chlorite mixtures, and crosses repre-
sent analyses of gageite-caryopilite mixtures.

to those of near endmember clinochlore (fig. 9). It is
probable that small amounts of Mg and Fe can substitute
for Mn in caryopilite, and of Mn for Mg in chlorites,
within the two structure types, but the fact that Mg is
positively correlated with Al over much of the composi-
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tion range indicates that most of the compositional
variation is due to mixing between these two phases.
When Mg exceeds about 1 cation per 14 anions (about 5
weight percent MgO) in caryopilite, the econcentration of
Al increases linearly with the Mg, indicating that mix-
tures of caryopilite and chlorite have been analyzed. This
is the composition limit separating caryopilite from mix-
tures of caryopilite-chlorite in figure 9. Mixtures of
Mg-chlorite and caryopilite trend toward two chlorite
compositions, one with lower Al and higher Mg than the
other (fig. 10). A few points identified as mixtures (fig.
10) with Mg less than 1 and about 0.5 Al are from B38 and
are slightly more Fe-rich than caryopilite analyzed from
other samples. With the exception of sample B24, com-
positions within a given sample fall on only one trend. In
B24, two distinet chlorite compositions are found, as
discussed below. Rarely, caryopilite has high Mg (B17,
table 9, analysis 6; fig. 10) without correspondingly high
Al and low Si, suggesting that more than the arbitrary 5
weight percent MgO can substitute for Mn in the cary-
opilite structure (rather than being due to admixed
chlorite or pennantite). These high Mg values cause the
overlap between the caryopilite field and the mixed
caryopilite-chlorite field (compare figs. 9B,C). Cary-
opilite also occurs with gageite. In addition to the
discrete caryopilite and gageite, sample B95 contains
deep-orange to deep-red material, suggestive of the color
of gageite but with intermediate composition (fig. 9C)
attributed to intergrowths of caryopilite and gageite.
B17 is similar, but with only a trace of mixed caryopilite-
gageite. B54 contains discrete caryopilite and the mixed
material, but discrete gageite is absent.

Evaluation of microprobe analyses of caryopilite and
determination of its composition limits are made even
more difficult because caryopilite has a modulated struc-
ture (Guggenheim and Eggleton, 1987), which results in
an excess of tetrahedrally coordinated cations and a
deficiency of octahedral cations relative to the ideal
serpentine formula unit, MgSi,0,,(0OH)s. Caryopilite
from the Buckeye deposits has octahedral/tetrahedral
cation ratios of 1.23 to 1.32, similar to but outside of the
range of 1.36 to 1.44 found by Guggenheim and others
(1982). The deficiency of octahedral cations in Buckeye
caryopilite may in part be due to the relatively oxidized
state of the orebody, causing substitution of Fe*® or
Mn*? for Fe*? or Mn*2 (thereby creating vacancies), or
to admixed trioctahedral smectite.

An interesting textural relationship between caryopi-
lite and layers of mixed ecaryopilite and chlorite is
observed in sample B80 (fig. 8B). The sample is com-
posed of disrupted layers of braunite, caryopilite, and
chlorite. At the boundary between caryopilite-chlorite
and braunite layers, a rind of near-end-member caryopi-
lite (table 9, analysis 7) separates the mixed silicate layer
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FIGURE 10.—Compositions of caryopilite and chlorites from sample
B30 and 14 other samples from the Buckeye deposit, California.
There appear to be two chlorite-composition clusters and two mixing
lines toward caryopilite. Caryopilite analyses from sample B30
cluster at very Mg-poor compositions, chlorite analyses cluster at
very Mg-rich ecompositions, and caryopilite-chlorite mixtures span a
very large compositional range. The gaps between the endmember
caryopilite and chlorite compositions and the compositions of the
caryopilite-chlorite mixtures in sample B8O illustrate the lack of
equilibrium between caryopilite and chlorite as discussed in the text.

from the oxide layer. The compositions of the caryopilite
rind, mixed caryopilite-chlorite, and chlorite in B80 are
indicated in figure 10. The mixed layer in B80 has
compositions that span almost the entire range of the
high-Mg trend of the mixed caryopilite-chlorite analyses
from all samples; in B80, however, caryopilite and
chlorite are distinetly more Mg-poor and Mg-rich, respec-
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tively, than the mixing line, illustrating the lack of
equilibrium between the silicate phases. Further, the
rind of caryopilite is not the result of equilibration
between the mixed silicate and oxide layers, as no
correlations between compositions of caryopilite and
braunite were found. The amount of substitution of other
cations for Mn in caryopilite from B80 is among the least
found in the Buckeye samples, and these compositions
(and those from B24, table 9, analysis 5) probably
represent the purest caryopilite in the Buckeye samples.

Most chlorite is the product of incipient recrystalliza-
tion of gel-like material. Rarely, chlorite forms claylike
layers (B24). Most chlorites are poorly crystallized, and
their compositions are generally magnesian and sili-
ceous, with about 4-16 weight percent MnO and as much
as 2 weight percent FeQ. Chlorite that forms claylike
layers in B24 has a composition very similar to the pink
isotropic gel-like material in B24 (table 8, analysis 4),
containing only slightly less Mg and Al and slightly more
Mn and Si. There is no correlation between the degree of
crystallization of the gels and their compositions (table 8,
analyses 3-8). Coarsely crystalline chlorite is uncommon
(found only in B38 and B84), and its composition overlaps
that of the gel-like and claylike layers. Cation sums of
the coarsely crystalline chlorite are low (fig. 84, table 9,
analysis 8), suggesting that some disorder may exist
within the structure or that very minor amounts of
caryopilite may be interlayered with the chlorite. Com-
positions of the Mg-chlorites, including gels having chlo-
rite composition, are variable within single samples,
particularly with respect to the amount of manganese.
This variation may in part be due to fine-scale mixing
with caryopilite. The compositional boundary between
chlorite and caryopilite-chlorite mixtures (figs. 9, 10)
is arbitrarily defined at 23 weight percent MgO,
corresponding to about 3.2 Mg cations per 14 anions. The
concentrations of minor elements (Fe, Ni, Zn, V, and Ti)
vary considerably between samples. With the exception
of smectite, chlorite has the highest concentrations of Zn
and Ni. In chlorite and caryopilite-chlorite mixed layers,
Ni and Zn concentrations are greatest in the Mg-rich
mixed layers (fig. 11). In some samples, chlorite and
chlorite-composition gel exhibit a range of textures,
again with no correlation between textures and compo-
sitions. In B24, however, two distinct groups of gels with
chloritelike composition were found. One, discussed
above (table 8, analysis 4) forms a layer-fragment of
essentially isotropic pink gel-like material that contains
rhombohedra of rhodochrosite. The second material with
chloritelike composition (table 8, analysis 5) is partially
crystallized and colorless; it occurs within layers of
rhodochrosite with either caryopilite or phase A (fig. 8E)
and has significantly less Al and more Si, Fe, Ni, and Zn
than the pink gel-like material.

A trace quantity of material with the composition of
the Mn-rich chlorite, pennantite, was found disseminated
within caryopilite in only one sample (B31, table 9,
analysis 9).

TANEYAMALITE AND PHASE A

Taneyamalite, the Mn analogue of howieite (table 1),
and a compositionally similar phase (referred to in this
report as phase A) occur as discrete crystals. More
commonly, they occur as intimate mixtures that show a
range of compositions. Because of the close association,
the two phases are discussed together.

The best formed taneyamalite occurs interlaminated
with caryopilite or chert. Taneyamalite laminations in
chert appear to be thin protoliths. When interlaminated
with caryopilite, taneyamalite also forms soft-sediment
injection veins (fig. 5B). Examination of one such vein in
B24 with the scanning electron microscope showed fine
fibers and laths. Taneyamalite also forms isolated bun-
dles or tufts of radiating fibers within chert laminations
adjacent to the orebody. These fibers are morphologi-
cally similar to fibers of phase A. There is considerable
variation in the composition of taneyamalite, both within
a single sample and between samples (fig. 9). Taneya-
malite in layers or veins contains less MgO, Al,O3, and
Si0,, and more FeO and MnO, than taneyamalite in
isolated tufts (table 9, analyses 13-14). These differences
may be caused by contamination with fine-grained smec-
tite, which is ubiquitous in some chert layers. All taneya-
malite analyzed in our samples is deficient in sodium
relative to the ideal formula of Matsubara (1981),
NaMn;,Si;,(0,0H),,. Under the microprobe beam, the
Na X-ray count rate did not decrease with time, indicat-
ing that Na was not lost due to exposure to the electron
beam. Thus, the sodium deficiency appears to be real and
to reflect either deviations from the ideal structural
formula or intergrowth with a Na-poor phase such as
phase A (see below). Taneyamalite from other samples
has compositions within the range of the analyses plotted
in figure 12 (values given are cations per formula unit):

Sample Na Fe

65HB6 .....covviii 0.722-0.860 1.229-1.458
65H68 ... 0.824-0.859 1.266-1.318
BlO..ooooii 0.732-0.872  0.744-1.099

0.683-0.862 0.852-1.101
In most samples, the nickel and zine contents of taneya-
malite are at or below the detection limits of the micro-
probe, although in several samples (B24, B38, B71) as
much as 0.74 weight percent ZnO was found.

Phase A occurs as bundles of radiating yellow fibers in
rhodochrosite (B24, fig. 8E, table 9, analysis 10). Com-
pared with taneyamalite, phase A contains notably more
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the Buckeye deposit.

Fe and much less Na. The formula of phase A (table 9,
analyses 10-11), calculated on the same anion basis as
taneyamalite, yields similar cation values and sums. This
similarity suggests that phase A may be Na-depleted
taneyamalite, analogous to K-depleted zussmanite,
Ky_1AIM,5Si,,0,4,(0H), 4, which rims K-rich zussmanite
in ferruginous metachert (Muir Wood, 1980). Although
the K-depleted zussmanite described by Muir Wood
appears to be the result of leaching, phase A occurs
intergrown with taneyamalite, occurs as well-formed
crystals, and does not appear to be a product of alter-
ation. On the possibility that phase A is the Mn-rich
analogue of deerite, (Fe*2 Mn)g(Fe*?, Al);Sig000(0H)s,
as taneyamalite is of howieite, we calculated analyses
of phase A to the deerite formula (15 cations:22.5 oxy-
gens). Analyses of phase A approach the formula
M7 2M*3Si;050(0H);, although most analyses have
excess Si and a deficiency of divalent and trivalent
cations relative to this formula. Recalculation of phase A
analyses to other formula units proved unsuccessful. We

calculated phase A by using the taneyamalite formula
unit and effective ionic radii for tetrahedrally and octa-
hedrally coordinated cations (Shannon, 1976) and found it
to be unlike any of the modulated 2:1 structures consid-
ered by Guggenheim and Eggleton (1987, their fig. 5a).
On the basis of their scheme, phase A recalculated
according to the formula unit M;2M*®Si;0,,(0OH); has a
mean octahedrally coordinated cation radius (all cations
except Na, Ca, and Si) that ranges from 0.784 to 0.79A
and a mean tetrahedrally coordinated cation radius (Si) of
0.26A. These values plot near the boundary of the known
field for zussmanite, suggesting that phase A is structur-
ally similar to zussmanite. Phase A most commonly
oceurs in layers intergrown with taneyamalite, and its
presence is deduced from microprobe analyses (table 9,
analysis 12) showing compositions that lie between those
of taneyamalite and those of the fibers in B24. Layers of
mixed phase A and taneyamalite also occur in B38 (fig.
8A). In that sample, the analyses that are richest in
phase A component have significant vanadium (table 9,
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analysis 11), and analyses that are richest in taneyama-
lite have minor amounts of titanium, indicating that V
and Ti are associated with phase A and taneyamalite,
respectively.

Mixed layers of phase A and taneyamalite are far less
common than mixed layers of caryopilite and chlorite.
Compositions with at least 1 weight percent NayO,
equivalent to 0.5 cations per formula unit, are here
defined as taneyamalite; those with 0.1 to 1 weight
percent Na,O as phase A-taneyamalite mixtures; and

those with less than 0.1 weight percent as phase A. In
mixtures of taneyamalite and phase A, sodium and iron
define a linear trend when plotted against each other (fig.
12). Each sample defines its own trend, although the
distinction is lost as phase A composition is approached.
Analyses from sample B71b form two distinet groups,
with taneyamalite analyses displaced to higher Fe values
than those of mixed taneyamalite and phase A, suggest-
ing that an additional phase may be present in the
mixture— perhaps smectite, which would account for the
high Mg contents of the mixtures.

SANTACLARAITE

Santaclaraite is invariably associated with rhodochro-
site, quartz, and smectite. These minerals form irregular
veins or “intrusions” (B7; B20; B25, fig. 4C; B84, fig. 4E;
B91) that cut across laminations of protolith and may
have been pathways for escaping fluids. Fragments of
caryopilite layers are suspended in the “intrusion” in
figure 4C. The details of the paragenesis are not clear. It
is certain, however, that these veins postdate early
consolidation of the caryopilite and chlorite protoliths
and that much of the santaclaraite has subsequently been
replaced.

Santaclaraite is recognized by its rhodonite-like mor-
phology, brilliant second-order birefringence, and char-
acteristic X-ray reflections at 11.5°, 12.6°, 18.5°, and
28.3°. We confirm the discrepancy between the strong
calculated and weak observed intensities of the (0-24)
reflection at 33.2° (Erd and Ohashi, 1984). The laths are
so characteristic that pseudomorphs of santaclaraite by
rhodochrosite can be easily recognized. These are the
pseudomorphs noted by Huebner (1967). We found no
evidence for the occurrence of either rhodonite or pyrox-
mangite at the Buckeye deposit. In B7, B20, and
65H68B, santaclaraite has a very narrow compositional
range, represented by santaclaraite in B7 (table 9,
analysis 15). Analyses yield cation proportions that are in
excellent agreement, with the ideal structural formula,
CaMn,[Si;0,,(0H)J(OH)-H,0 (Ohashi and Finger, 1981).
Santaclaraite from the Buckeye deposit is more homoge-
neous but has slightly more substitution of Fe and Mg for
Mn than the type material (Erd and Ohashi, 1984), which
is from another Mn deposit in the Franciscan Complex.

RHODOCHROSITE

The carbonate adopts four distinet textural forms:
micritie, spherulitic, tufted, and sparry. Sparry rhodo-
chrosite forms by the direct recrystallization of the
micrite, without passing through intermediate stages.
The spherulites are uncommon, fibrous, exhibit a distinct



MINERAL CHARACTERIZATION AND CHEMISTRY 45

black cross under crossed nicols, occur in micrite, and
appear to be a secondary, probably diagenetic, feature.
The rare tufts are composed of well-aligned fibers; by
analogy with the sperulites we presume that the tufts are
also diagenetic. There is no systematic compositional
distinction between these forms. Rhodochrosite from six
bulk samples (B22, B28, B35, B45, B74, B108) has cell
dimensions of @ = 4.775—4.782A and ¢ = 15.63—15.694,
close to the values for pure MnCO;, 4.777A and 15.66A
(Huebner, 1967). Primary micritic and recrystallized
sparry rhodochrosites commonly contain less than 2.4
weight percent each of CaO and MgO (table 11, analyses
14). Values of 3 to 8 weight percent Ca0O are uncommon
(fig. 8E, table 11, analysis 5). Within a given sample,
both micritic and sparry rhodochrosite have about the
same compositional range, consistent with the idea that
the sparry carbonate is simply recrystallized micritic
protolith. Except for very small concentrations of iron,
no other elements were detected in the carbonate by
means of wavelength- or energy-dispersive microprobe
techniques. Specifically, we did not detect Ni, Ba, or Sr
in the carbonate grains. Some rhombohedra are zoned,
having slightly higher calcium in cores than in rims. A
slightly higher concentration of magnesium was found in
rims of rhodochrosite grains in one sample (B53, table 11,
analyses 2-3); these grains are in contact with braunite,
but no corresponding zonation in MgO was found in the
braunite. Rhodochrosite that forms crosscutting veins
can contain as much as about 10 weight percent Ca0 and
3 weight percent MgO (analysis 6 in table 11 is represen-
tative). Compositions are variable within a single vein
and between samples (see table 11 and fig. 9).

BRAUNITE

Braunite has close to the ideal composition of braunite
I, (Mn*?)4(SiMn*®)0,, (Baudracco-Gritti, 1985). The
composition (fig. 9) varies little within a single sample,
but differences between samples were noted, particu-
larly in the iron content. The range of Fe,0O3 is 0.20 to
1.64 weight percent (all Fe is assumed to be ferric).
Minor amounts of Ca, Mg, or Ni occur in some samples.
The compositions of braunite both in contact with and
more distant from rhodochrosite in B53 are given in table
12 (analyses 1 and 2). The calcium and magnesium values
are not significantly different, but the braunite in contact
with carbonate contains slightly more nickel and iron and
less manganese. Braunite in B53, which forms distinct
layers, appears to be texturally variable. In parts of the
sample, braunite appears to be fine grained and inter-
grown with equally fine-grained rhodochrosite, but,
where in contact with coarse rhodochrosite, braunite
forms coarse grains. In other layers, cores of braunite
grains contain blebby to irregularly shaped rhodochros-

ite grains. Rims of these braunite grains, whether in
contact with other braunite grains or with the adjacent
rhodochrosite layer, show the same coarsening as
observed in the fine-grained braunite and rhodochrosite
layers, with the same variation in composition (cores
contain less nickel and iron). In sample B80 (fig. 8B) a
compositional difference between coarse and fine braun-
ite is also found. Coarse braunite contains significantly
less iron and calcium and more manganese than the finer
grains. Despite the range of textures and minor-element
compositions, the Si concentration in Buckeye braunite is
constant, at a value of 1 atom per 12-oxygen formula
unit. Braunite can occur with hausmannite (B6, fig. 8F;
65H170), but no partitioning of iron on the basis of
weight percent concentration was found between these
two oxides (table 12, analyses 3,5 and 4,8).

HAUSMANNITE

Hausmannite has close to endmember composition.
Manganese greatly exceeds all other cations, and, when
recalculated on the basis of an ideal Mn**Mn, 30, for-
mula unit, the analyses total approximately 100 percent
(fig. 9B; table 12, analyses 5-8). Significant but very
small concentrations of Fe, Mg, V, Zn, Ni, Ca, Ti, and Si
were detected. Most of the slight composition variation
was found between samples, with very small ranges of
compositions within a single thin section.

DISCUSSION

The fine-grained textures and microprobe analyses
expand the idea that the ore originated as chemically
precipitated sediments in which eight components
formed layers (protoliths). The new observations are a
ninth component (phase A) and mixed layers. Thus, the
deposit consists of layers of one component and mixtures
of two components. This distribution is what would be
expected if the conditions of a sedimentary environment
changed such that one field of deposition or chemical
precipitation was supplanted by another. The mixtures
would form if conditions coincided with those of two or
three depositional fields or, more likely, if there was
mechanical mixing as chemical precipitates settled into
place. Although the textural and microchemical evidence
indicates a lack of equilibrium during diagenesis and
metamorphism, the fine laminae of contrasting composi-
tions do indicate that processes in the depositional envi-
ronment also changed, presumably in response to chang-
ing conditions, involving the rates of supply of the major
components MnO, CO,, O,, H,0, SiO,, and Al;0; and the
minor components Na,0, MgO, and FeO.
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VEIN MINERALS

Two generations of veins occur. Earlier veins tend to
be narrow (less than 100 pm), short (less than 2 mm;
rarely to 3 cm), and devoid of fragments of transected
layers. They are monomineralic and reflect the mineral-
ogy of adjacent protolith. There is no chemical distinction
between these vein minerals and the corresponding
minerals in the adjacent metasediments. Later veins are
wide (to 2 cm), traverse many layers, and commonly
contain fragments of the transected protoliths. The late
veins are polymineralic; in addition to wall-rock frag-
ments, they contain either quartz or rhodochrosite and
minerals that are chemically distinct from the minerals in
the enclosing protoliths. These veins introduced addi-
tional chemical components to the ore-forming system,
and there is a correspondence between these components
and the characteristic vein mineralogy. The presence in
the veins of titanite, a stilpnomelanelike mineral such as
parsettensite, barite, smectite, clinopyroxene, and vari-
ous unidentified minerals is evidence that Ti, K, Ba, SO,,
Mg, Na, V, and As were mobile after the host sediments
became indurated. These minerals are not as Mn-rich as
the protoliths, and many plot primarily along the join
between Si and “others” (fig. 9B).

Talec forms veins that cut across spherulitic rhodo-
chrosite (B71) and are composed of pale yellow “books”
about 40 pm across; it has near endmember composition
with only minor substitution of Mn and Fe for Mg (table
10, analysis 1). The relative time of formation is not
known but is probably late.

Smectite and related interlayer compounds occur as
fine to coarse (100-pm) colorless flakes in quartz and
rhodochrosite veins and as minute pale brown flakes in
Mn-silicate layers and in laminated chert. These smec-
tites were identified by their optical properties, compo-
sition, and expandable basal X-ray diffraction reflections
at 14A to 25A. Chemically analyzed (coarse) smectites
from Buckeye samples have the composition of the
trioctahedral smectite, saponite. Some smectite is simi-
lar to talc in that minor amounts of iron and manganese
substitute for magnesium (table 10, analysis 2). Other
smectites contain as much as 1.66 weight percent NiO
and 1.59 weight percent ZnO (table 10, analysis 3). In
minor-element concentrations, these latter smectites are
similar to the gel-like material of Mg-chlorite composi-
tion.

Several laths with the composition of parsettensite, a
manganese-rich stilpnomelane-like mineral, were found
in a quartz-barite-apatite vein in one sample, B29. This
phase has near endmember parsettensite composition,
and only minor substitution of Mg for Mn (table 10,
analysis 4). It is the only silicate analyzed in this study
that contains significant barium.

Barite occurs in the aforementioned quartz-apatite-
parsettensite vein and as a replacement (or in-filling) of a
unique patch of colloform rhodochrosite in B29.

Apatite occurs only as a minor constituent in quartz
veins.

Diopsidic acmite with slight pleochroism in green to
yellow green occurs with titanite and apatite in quartz
veins that cut across the sample of the diopsidic acmite
bed collected from the exploration adit (B%4 and B96).
The vein-forming clinopyroxene is similar in composition
to the acmitie host and was undoubtedly derived from the
adjacent layer. The concentration of jadeite component is
small, 3 mole percent (table 10, analysis 5).

The vanadium-rich silicate referred to herein as phase
B (B15, table 10, analysis 6) forms pleochroic light- to
medium-green fibers and laths within quartz veins that
cut rhodochrosite. The crystals are very small, the
maximum dimensions being about 5 by 150 um, and were
too small to obtain an interference figure. The crystals
have approximately parallel extinction, maximum inter-
ference colors of low second order, and relief greater
than that of quartz. The reflectivity of phase B is slightly
greater than that of pyroxene. The composition of phase
B does not correspond to that of any vanadium silicate
reported by Evans and White (1987). X-ray or electron
diffraction data are needed.

Another vanadium-rich silicate, presumably a single
phase (table 10, analyses 7-9), is herein called phase C
and occurs in quartz veins in B15, the same sample as
phase B. Phase C is pleochroic pink to colorless and
forms columnar laths; rarely, hexagonal forms are
observed. This mineral has pronounced optical and com-
positional zoning, with cores being enriched in aluminum
and depleted in vanadium compared to rims. A very good
negative correlation between aluminum and vanadium
exists in all grains analyzed. This mineral is uniaxial (—)
and has parallel extinction, relief greater than that of
quartz, and a reflectivity slightly greater than that of
pyroxene. Its crystal habit, optical properties, and pro-
nounced zoning are like those of tourmaline-group min-
erals, but cation proportions are not consistent with the
formulae for tourmalines. It is conceivable that phases B
and C form a solid-solution series, Nay o 5Cas 5(AL V)
Sig0y,. X-ray diffraction data are needed.

An arsenian vanadium- and manganese-bearing phase,
presumably a hydrous vanadate, was found in sample
B17 (table 10, analysis 10). Phase D is orange red, has a
fine-grained texture, and appears as pseudomorphs of a
phase within rhodochrosite. Its deep, color masks its
interference colors. Phase D has a reflectivity greater
than that of titanite but lower than that of an oxide. This
mineral has also been found in hausmannite- and
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tephroite-rich samples from the Manga-Chrome mine
located in Nevada County, Calif. (Flohr and Huebner,
unpub. data), and is probably related to flinkite, Mng
(ASO4)(OH)4

Well-crystallized titanite occurs in several samples and
is associated with quartz veins, particularly in the mas-
sive diopsidic acmite, and as trains of crystals in caryo-
pilite. Titanite contains less than 1 weight percent V,0,
and no significant amounts of other minor elements. Its
occurrence, particularly in the veins, is evidence that Ti
was mobile at the low temperature involved in modifying
the manganese deposit.

Trace quantities of minute yellow and gray sulfide
grains (probably pyrite, chalcopyrite, chalcocite, covel-
lite or digenite, molybdenite, and possibly sphalerite)
occur in veins. The grain size was not sufficient for
quantitative microprobe analysis, but X-ray spectra
revealed peaks for Cu, Mo, and S. The paragenesis of the
sulfide-bearing veins is not certain; they are thin and
short, like the early veins, yet they introduce additional
components, like the later veins. The fact that Buckeye
minerals contain Mn™® coupled with the absence of
appreciable quantities of iron sulfide in or near the
Buckeye deposit suggests that the adjacent sediment
column was never so reducing that marine sulfate was
reduced to make sulfide available for sulfide precipita-
tion. (Thus the presence of even minute quantities of
copper sulfides signals a local origin or later activity.)

The veins provide clues to the mobile components after
the manganiferous sediments were sufficiently well indu-
rated to fracture. During the first stage of vein forma-
tion, the manganiferous components of the protoliths
were mobile but did not travel far. During later vein
formation, the protoliths were more thoroughly indu-
rated (resulting in brecciation), and, with few excep-
tions, the manganiferous components were not mobile.
The source of the later vein fluids is not known with
certainty, but in composition the vein minerals tend to
have affinities with seawater and nonmanganiferous
marine sediments. Perhaps these late mobile compo-
nents were incompatible components that were carried
by fluids expelled during compaction of the sediment
pile. The precipitation of well-crystallized titanite in a
low-temperature sedimentary deposit was not expected
and is evidence that Ti can be mobile and concentrated
even in an environment in which the bulk composition is
unusually low in titanium. Similarly, Brett and others
(1987) found anatase in hydrothermal vent chimneys. As
a general rule at the Buckeye, occurrence of an element
(or pair of elements) corresponds to the appearance of a
vein mineral, indicating that the chemical system was
responding in a predictable manner to changes in the
fluid compositions. Thus, Ba results in the parsettensite-

like mineral, Ba and SO, in barite, PO, in apatite, and Ti
in titanite.

ORIGIN

Two theories for the origin of the Buckeye and similar
deposits are currently popular and involve hydrothermal
and diagenetic processes. In the following pages we
discuss some marine sedimentary processes known to be
depositing or redistributing manganese today and exam-
ine some modern and ancient deposits in terms of these
processes. None is an excellent analogue for the Buckeye
deposit, which can best be explained on the basis of two
interacting processes such that diagenesis influences the
composition of fluids that vent at the seafloor. Finally,
we discuss possible tectonic settings for the Buckeye
deposit.

MODERN PROCESSES OF MARINE MANGANESE
DEPOSITION

Modern marine environments contain no interlayered
manganese carbonate-oxide-silicate deposits that are
analogues of the Buckeye deposit, but examination of the
processes that deposit and redistribute manganese at
ocean-floor environments will help us understand the
origin of deposits such as the Buckeye. In principle,
there appear to be three kinds of processes: hydroge-
nous, diagenetic, and hydrothermal. In practice, many
manganese deposits record more than one of these
processes. Hydrothermal deposition is usually thought to
involve hot fluids, but recent monitoring of some seafloor
vents that are associated with Mn-rich precipitates in
areas of igneous activity reveals water that is barely
above ambient seafloor temperature (Hoffert and others,
1978; Vonderhaar and others, 1987). These cool vents
cast doubt on the necessity of heat for Mn transport, Mn
precipitation, and even fluid movement, thereby sug-
gesting the possibility that some Mn precipitates could
be related to fluid expulsion driven by compaction and
subduction instead of by thermal convection. The three
processes of Mn precipitation are better distinguished if,
for the purposes of this discussion, we define a hydro-
thermal processs as one that involves transport with a
moving fluid either beneath or above the seafloor, a
hydrogenous process as one that involves precipitation
and gravity settling of particulates through a stationary
fluid above the seafloor, and a diagenetic process as one
that involves the diffusion of dissolved species through a
stationary fluid, commonly below the seafloor. Each of
the three processes can result in a distinct product.
Characteristic features of these products, when com-
pared with the Buckeye ore, may provide clues to the
origin of the Buckeye deposit. These characteristics,
which are discussed below and in summaries by Margolis
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and Burns (1976), Cronan (1977), Raab and Meylan
(1977), Rona (1978), Toth (1980), Fleet (1983), and Lalou
(1983), are compared with features of the deposit in table
13. Because we are discussing marine environments, we,
like Courtois and Clauer (1980), normalized the REE
concentrations of the products to the REE concentra-
tions of seawater (Hogdahl and others, 1968). In this
way, we hope that our REE patterns will help us
distinguish the signatures brought about by the opera-
tion of each of these processes upon fluid that, originally,
was seawater.

Purely hydrogenous deposits form by the precipitation
and settling of manganese and iron oxyhydroxides
directly from cold seawater onto the top of the sediment
column. This process results in nodules and crusts that
are exposed at the sediment surface, thin coatings on
fresh basalt, particles of Fe-Mn-oxyhydroxides in the
sediment, and films of oxyhydroxides that coat detrital
particles. Because the manganese concentration in nor-
mal seawater is only 0.03 parts per billion (ppb) (Bru-
land, 1983), the growth rates are slow and large nodules
and thick crusts occur only on old ocean floor. A related
factor is the occurrence of hydrogenous deposits in
tectonically and volcanically inactive areas having low
sedimentation rates. Thus, nodules and crusts commonly
are found on siliceous ooze and red clay of deep ocean
basins, below the carbonate compensation depth and far
from sources of detritus, or where currents suppress
sedimentation. The fields of nodules and crusts are
regional in extent, and surface coverage may exceed 75
percent (Glasby, 1976). Nodules and crusts are layered,
and their upper surfaces, which are directly exposed to
seawater, commonly are smoother than the lower sur-
faces, which are exposed to sediment (see Heye and
others, 1979; Marchig and Halbach, 1982). The nodules
and crusts are highly oxidized (most manganese is
quadrivalent and iron is trivalent). A characteristic Mn
phase is vernadite (the 3-MnO, of Burns and Burns,
1977). Rhodochrosite and Mn-rich silicates, which
require manganese that is predominantly divalent, never
occur in association with the oxidized nodules and crusts
at the sediment surface. Most hydrogenous nodules and
crusts have ferromanganese compositions with Mn/Fe
ranging from 0.1 to 10. Relative to diagenetic and
hydrothermal components, the hydrogenous component
is enriched in Co, Fe, Th, Hf, and the REE (Dymond and
others, 1984). Halbach (1986) noted that hydrogenous
crusts contain, on average, 0.5 parts per million (ppm)
Pt. The seawater-normalized REE signature of hydrog-
enous products (fig. 13A) is enriched overall, has a
pronounced positive Ce anomaly (large Ce/La and
Ce/Sm), and is relatively depleted in the heavy REE.
These enrichments can be attributed to long exposure to

seawater, to the high surface areas of the precipitates,
and to the tunnel structures of the constituent oxides.

Because of their tendency to undergo diagenetic alter-
ation and to form on oceanic sediments that will ulti-
mately be subducted, hydrogenous crusts and nodules
are uncommon in the geologic record (Jenkins, 1977). We
should look for thin (perhaps less than a meter thick) but
laterally extensive horizons of nodules or crusts that
contain, at least at low metamorphic grade, quadrivalent
manganese oxides having nodular or knobby structure,
perhaps preserving concentric layering, and having the
characteristic chemical signature. One might look for this
record in slowly deposited seafloor sediments that lie
immediately below an unconformity or that have been
preserved as fragments of ocean crust that were accreted
to continents. Audley-Charles (1965) and Margolis and
others (1978) described nodules and slabs (crusts) in
Cretaceous red clay that forms an exotic block in an
olistostrome on Timor. On the basis of their intermediate
Mn/Fe, enrichment in Co, U, and Th, and high Th/U,
some of these nodules may record a hydrogenous com-
ponent. The crust and another nodule have high Mn/Fe
and low Co and may represent hydrogenous precipitates
that have been altered by diagenetic processes. In con-
trast, the Buckeye deposit records none of the charac-
teristics of the hydrogenous processes (table 13).

Early diagenetic processes involve pore fluids that act
upon substances incorporated within marine sediments.
These processes may redistribute earlier formed
manganese-rich precipitates, progressively refining
their chemistry through repeated dissolution, transport,
and reprecipitation. Diagenesis that is driven by chemi-
cal disequilibrium between oxygenated seawater and
unconsolidated sediments rich in organic material results
in three chemically distinct products: ferromanganese
oxyhydroxides formed by oxic diagenesis, manganese-
rich oxyhydroxides formed by suboxic diagenesis, and
sulfides and manganese carbonate formed by anoxic
diagenesis.

Processes that occur within the zone of dissolved
oxygen (oxic zone) at the top of the sedimentary column
(see Froelich and others, 1979) largely involve the redis-
tribution of components that had a hydrogenous or
detrital origin. Included are the release of trace metals
from decomposing organic tissues and the extraction of
iron and manganese from sedimentary components
(opaline skeletal debris, hydrogenous coatings on sedi-
mentary clasts) to form ferromanganese nodules and
nontronite (Dymond and others, 1984; Lyle and others,
1984). The Mn oxidation state in the top 5 cm of sediment
at two Pacific sites, 3.3 to 3.9, greatly exceeds that in the
suboxic zone where Mn is divalent (Kalhorn and Emer-
son, 1984). Under the oxidizing conditions near the
surface, manganese and iron should remain in the
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FIGURE 13. —Seawater-normalized rare-earth-element (REE) patterns
of Mn- and Fe-rich deposits, exclusive of the Buckeye deposit and
other materials. A, Recalculated from Fleet (1983) and Gromet and
others (1984, average shale). Hydrogenous marine Mn-Fe deposits
have the greatest REE enrichment and Ce anomaly and are depleted
in heavy relative to light REE. Hydrothermal marine Mn and Fe
deposits are not as enriched overall, lack the Ce anomaly, and are flat
(heavy REE neither enriched nor depleted). Shales are less
enriched, overall, but have both the Ce anomaly and heavy REE
depletion. Plankton show the least enrichment, relative to seawater,
and lack fractionation between individual REE. B, Relationship
between REE pattern and kind of precipitate. Hydrogenous nodules
and the sediments on which they sit (Elderfield and others, 1981)
have the greatest enrichment, the most pronounced Ce anomaly, and
the greatest depletion of heavy relative to light REE. Thin 3-MnO,
crusts on basalt dredged near the Galapagos mounds (Corliss and
others, 1978) combine the overall enrichment and Ce anomaly that
are characteristic of hydrogenous deposits but lack the depletion in
heavy REE. Various crusts and sediments dredged from the Galapa-
gos mounds (Corliss and others, 1978), and interpreted as having a
hydrothermal origin, show a weak Ce anomaly but have acquired
neither the overall REE enrichment nor the depletion in heavy REE
that is characteristic of the hydrogenous deposits. REE patterns for
the Buckeye ores (fig. 7B) are distinct from those of the hydrogenous
materials but overlap with patterns of materials dredged from the
Galapagos mounds. C, REE patterns for braunite-rich ore Z-17 and
red chert Z-1R from the Apennines (Bonatti and others, 1976) and

quadrivalent or trivalent state and be insoluble in the
pore fluids. However, some manganese remobilization
occurs and may contribute substantially to nodule
growth. Dymond and others (1984) concluded that oxic
diagenesis was the principal process forming nodules at
the three Pacific sites studied and resulted in Ni- and
Cu-rich manganese oxide (todorokite) with Mn/Fe of 5 to
10. Under steady-state conditions in which oxygen was
being consumed by the sediment, Sundby and others
(1986) and Westerlund and others (1986) found that
surficial sediment immobilized Fe, Mn, and Co from both
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for the red, microspherulitic, yellow, and carbonate ores from Harlech,
Wales (Bennett, 1987). D, REE patterns of chert and the Mn-rich
lenses at the Blue Jay mine (Chyi and others, 1984, their table 2). E,
REE patterns for rhodochrosite nodules and associated mudstone,
chert, and shale from the Inuyama district, Japan (Matsumoto, 1987).
The signature of the Inuyama rhodochrosite appears to be due to
contamination by, or inheritance from, the surrounding rocks, which
include chert, shale, and mudstone. The pattern of the Inuyama
rhodochrosite is more enriched in REE, and has a more pronounced Ce
anomaly, than either hydrothermal marine crusts (fig. 13B) or Buckeye
rhodochrosite (fig. 7B). F, Sketch, not drawn to scale, showing possible
evolution of the REE patterns of sediments precipitated by vent fluids
that are progressively diluted with seawater. Stage 1 represents
Fe-rich clays and Fe-rich oxides precipitated from cool fluids near a
vent. Stages 2 and 3 represent Mn-rich sediments associated with
mounds or vents, perhaps on stage 1 deposits. Stage 4 represents
Mn-rich and Mn-Fe oxides deposited at some distance from the mounds
and includes hydrogenous nodules.

the overlying water and the underlying (and presumably
suboxic) sediment and released Cd, Cu, Ni, and Zn to
both the overlying water and underlying sediment. Con-
sidering the mobility of these trace elements at the
sediment-seawater interface, it is not surprising to find
ferromanganese nodules enriched in Co, Cu, Ni, and Zn.
Were oxic processes to have terminated in carbonates
and silicates, instead of todorokite, we would still expect
the deposit to contain unusually high Co, Ni, Cu, and Zn
concentrations and to have relatively low Mn/Fe. These
are not the characteristics of the Buckeye deposit.
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Organic matter, incorporated in the sediment column,
decomposes by a progressive series of suboxic and anoxic
CO,-producing reactions that consume oxygen, reduce
MnQO,, form N,, reduce Fe,O; (or FeOOH), reduce
sulfate to form sulfide, and finally form methane
(Froelich and others, 1979). These reactions provide a
mechanism for supplying soluble Mn™2 (and Fe*?) to
pore fluids. These cations can then diffuse upward to the
oxic zone, where they precipitate as oxyhydroxides near
the top of the sediment column (Lynn and Bonatti, 1965).
The intensity of reduction is favored by excess of organic
matter (high biological productivity) and time: ferric
oxyhydroxides will not be reduced before quadrivalent
manganese oxyhydroxides and nitrate (Sawlan and Mur-
ray, 1983), and methane will not be formed before
manganese, iron, and sulfate have been reduced. Thus,
methanogenesis requires a supply of organic reductant
that exceeds the supply of the preceding oxidizing
agents. The diffusion of dissolved Mn*2 (and Fe*?) in
response to an oxygen potential gradient is dependent
upon the presence of nearby oxidized seawater. Because
diffusion of Mn*? is a relatively slow process, it is
favored by slow sedimentation (and can be arrested by
deposition of a thick, perhaps organic-rich, overburden
that displaces the oxidizing seawater). Dymond and
others (1984) identified the product of suboxic diagenesis
in nodules from only one of the three Pacific sites studied
and concluded that the suboxic process was intermittent
and was related to pulses in the supply of organic debris.
The characteristic product forms nodule bottoms, has a
high Mn/Fe (20-70), and is enriched in Sb (124 ppm) and
U (7.7 ppm). Had suboxic diagenesis been sufficiently
intense to produce sulfide or methane, ferric iron would
have already been reduced, resulting in the formation of
sulfide, in situ, or precipitates with smaller Mn/Fe. The
Buckeye deposit offers the organic matter (debris of
radiolarians) required by the suboxic model, but the
model does not explain the absence of replacement
features, low Sb and U concentrations, and the lack of
iron-rich precipitates that would be expected, particu-
larly if methane was produced.

Mn-rich carbonate within modern sediment columns
has been discussed by Suess (1979) and by Pedersen and
Price (1982). The carbonate occurs in coarse-grained or
porous horizons, such as layers of volecanic ash, and the
primary precipitates have spheroidal or botryoidal tex-
ture. Calvert and Price (1977) considered the carbonate
activity to be the critical factor in the presence or
absence of Mn-rich carbonate. In contrast, Pedersen and
Price (1982) regarded a plentiful supply of (hydrogenous)
manganese oxides to be more important for rhodochros-
ite formation than an unusual supply of dissolved carbon-
ate. The latter opinion is important because it suggests
that, following reduction and dissolution, manganese

would be reprecipitated as carbonate, close to the site of
original oxides. In either case, it is difficult to imagine
the in-situ production of sufficient Mn or CO, to produce
a thick layer of rhodochrosite. Transport over great
distances, exceeding that possible by diffusion alone,
appears to be be necessary.

No modern diagenetic carbonate has a composition of
the rhodochrosite endmember. Many recent manganifer-
ous carbonates contain calcium (but only low concentra-
tions of Mg and Fe), and those of Loch Fyne, Scotland,
coexist with calcium carbonate (Calvert and Price, 1970).
Ancient Mn-rich carbonate and rhodochrosite, inter-
preted to have had an origin involving marine diagenesis,
oceur in the Inuyama district, Japan (Matsumoto, 1987).
In most respects, Buckeye rhodochrosite is unlike
Inuyama carbonate. Like the modern diagenetic Mn-rich
carbonates, Inuyama rhodochrosite is spherulitic and
nodular. The Buckeye rhodochrosite is layered (and
interbedded with other Mn-rich phases). There is only a
small proportion of radial (tufted) or spherulitic rhodo-
chrosite at the Buckeye, and that material clearly
replaces earlier, extremely fine grained, unoriented
rhodochrosite. Inuyama rhodochrosite occurs in bedded
chert and has similar large Mn/Fe but smaller concentra-
tions of Cu and Ni, much higher REE concentrations, a
better developed Ce anomaly (fig. 13E), and less nega-
tive values of 3'3C.

Hydrothermal deposits precipitate from mixtures of
fluids that were originally marine: fresh seawater drawn
beneath the seafloor by convection; connate seawater
from the sediment column; possible juvenile fluids; and
more fresh seawater. As it circulates through sediments
and (or) igneous rocks, the fluid is reduced (Eh potential
lowered) by interaction with organic matter (see Froelich
and others, 1979) and (or) ferrous-iron-bearing rocks,
acidified by the removal of Mg to form smectitelike and
talclike phases (Thornton and Seyfried, 1985), and pos-
sibly heated. This fluid leaches manganese and iron from
the column of sediments and igneous rocks and trans-
ports both dissolved and suspended constituents toward
the seafloor. Dilution and cooling, brought about by
mixing with fresh, relatively oxidizing and alkaline, cold
seawater, causes precipitation within the fracture sys-
tem or near seafloor vents. These precipitates form
rapidly. Manganese that does not settle to the seafloor
can be greatly diluted with normal seawater (Baker and
Massoth, 1986) and carried for thousands of kilometers
between the seafloor and surface by buoyant fluid plumes
(Klinkhammer and others, 1986). These plumes are asso-
ciated with metalliferous sediments (Edmund and oth-
ers, 1982; Klinkhammer and Hudson, 1986) and may be a
source of hydrogenous manganese that is subsequently
reworked by diagenetic processes.
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The mineralogy and chemistry of marine hydrothermal
deposits are varied but distinctive. The common Mn-rich
phases are birnessite and todorokite, rather than verna-
dite as in the hydrogenous nodules and crusts. Some
hydrothermal precipitates are described as gel-like (Hof-
fert and others, 1978; Brett and others, 1987; Haggerty,
1987). Nontronite (see Bischoff, 1972; Corliss and others,
1978; and Alt, 1988) and tale (Lonsdale and others, 1980)
are also found. Manganese and iron can be efficiently
fractionated from each other in a pH- or an Eh-potential
gradient (Krauskopf, 1957; Hem, 1972), such as might be
brought about when reducing and acid solutions contain-
ing dissolved iron and manganese are progressively
diluted with oxidizing and relatively alkaline seawater
(see Edmund and others, 1979). Progressive dilution
should result in a continuous distribution of Mn/Fe
ratios. However, most deposits considered, on the basis
of close spatial association with seafloor vents that
debouch fluids, to be hydrothermal have Mn/Fe values
that are either low (less than 0.1) or high (greater than
7). The relative scarcity of demonstrably hydrothermal
deposits that combine low trace-element concentrations
and intermediate Mn/Fe (values of 0.1 to 10) may be due
to inadequate sampling or absence of iron in the rising
solutions. (Large Mn/Fe values would oceur if iron was
precipitated as sulfides or oxyhydroxides at depth.)
Alternatively, different reaction kinetics or an excess of
MnO, (relative to the supply of reducing agent) might
cause manganese but not iron to be dissolved by the
circulating solutions (see Thornton and Seyfried, 1985).
Obviously, if iron was not taken into solution, iron-rich
precipitates would not be present. Hydrothermal depos-
its have low concentrations of Co, Ni, Cu, and REE, no
Ce anomaly relative to fresh seawater, and a flat REE
pattern (fig. 13).

Hydrothermal deposits will have diverse manifesta-
tions in the geologic record. One should look for sulfide,
oxyhydroxide, and silica vein systems and vents (Boyce
and others, 1983; Herzig and others, 1988) that cut across
sedimentary layering; Mn-rich or Fe-rich crusts that
formed on the seafloor adjacent to vents (Bonatti and
others, 1976) and, in the case of Mn-rich crusts, under-
lying sediments such as ferruginous clays that lack
detrital-terrestrial, pelagic, and volcaniclastic compo-
nents; or umbers on ophiolites. The hydrothermal pre-
cipitates may consist of layers and laminations that differ
in composition, color, or texture. Because of their close
association with fluid-filled fissures, hydrothermal vein
deposits might be expected to have small lateral extent.
Vented warm fluids would rise and quickly mix with
fresh seawater, causing nearby precipitation. The 56-
km? sheet of bedded nontronite on the floor of the Red
Sea (Bischoff, 1972) is an exception, almost certainly
caused by venting of hot but dense brines, thereby

restricting vertical mixing with fresh seawater (and
favoring lateral spreading). Long-lasting hydrothermal
activity could result in a suite of deposits that record
either separate hydrothermal pulses (the opening and
closing of subsurface fluid conduits in response to
mechanical disturbances and to blockage of channels by
rapidly formed precipitates) that are progressively
younger, upward, in the sediment column, or the lateral
movement of the ocean floor relative to sources of heat
(Crerar, 1982). Many Mn-rich deposits described as
having a hydrothermal origin at or beneath the seafloor
are known from midocean ridges and tectonically active
areas. Their preservation may be due to rapid burial by
sediments or voleanic rocks, a process that would pre-
vent upward mobilization of manganese by diagenesis.

MODERN HYDROTHERMAL ANALOGUES

Features of the Buckeye deposit are more similar to
those of hydrothermal deposits formed on the seafloor
than to those of subsurface hydrothermal, hydrogenous,
or diagenetic deposits (table 13). Major differences
between the Buckeye and modern marine hydrothermal
Mn deposits are the greater compositional and mineral-
ogical diversity, the absence of volcanic bedrock, and the
presence of chert, shale, and graywacke at the Buckeye
deposit. Ironically, the best studied system at which the
hydrothermal fluids interact with sediments (Guaymas
Basin) does not precipitate any Mn-rich crusts, probably
because of high fluid temperatures at the vents. How-
ever, other manganiferous lenses in the Franciscan Com-
plex, long considered to have the same origin as the
Buckeye deposit (Taliaferro and Hudson, 1943), are
associated with basalt. Elsewhere, ancient Mn-rich
lenses of apparent hydrothermal origin are intimately
associated with chert. In the following paragraphs we
will examine these differences and attempt to explain
how they could arise from rising fluids, using as the
starting point for the discussion processes operating at
moundlike or ridgelike deposits that are now forming
at midocean ridges.

Mounds occur 20 km south of the Galapagos spreading
center at 86° W. longitude. Lonsdale (1977) described
their distribution and morphology. Corliss and others
(1978) and Schrader and others (1980) gave mineralogical
and chemical analyses of dredged samples. Physical-
property measurements and core examinations were
summarized by Dymond and others (1980), Hekinian and
others (1978), Hoffert and others (1980), and Honnorez
and others (1981). Galapagos mounds are steep-sided
cones, 5 to 20 m high, aligned in chains that are presum-
ably related to fractures in basaltic bedrock. In plan view
they are similar in size to the Buckeye ore lens (25 to 100
m in diameter). The internal structure of a mound is 15 to
30 m thick, extends below the elevation of the surround-
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ing surface, and consists of nontronitic clay that overlies
calcareous and siliceous nannofossil ooze and is capped
with a todorokite-birnessite crust. Cores through the
sediment column adjacent to the mounds revealed only
nannofossil ooze. Although no fluid venting has been
observed on the Galapagos mounds, the heat flow is
greater through the mounds than through the surround-
ing flat sediments. Measured thermal gradients are not
linear, and fluids 2 to 8 °C above ambient bottom-water
temperature seeped from holes punched into the
mounds. These observations indicate the presence of a
hydrothermal system and suggest that Mn (and Fe) could
be leached from underlying basalt and sediments by
convecting fluids. The chemical signatures of the Galapa-
gos sediments are distinctive: Mn/Fe exceeds 82 in the
Mn crusts, Mn/Fe is less than 0.02 in the nontronite
layers, and both materials have small concentrations of
Co, Ni, Cu, and Th, as at the Buckeye. The REE
patterns are also strikingly similar (compare figs. 7B,
13B). Thus, the Galapagos mounds, which show evidence
of active hydrothermal processes, have some of the same
morphological and chemical features of the depositional
process recorded by the Buckeye deposit. However, the
graywacke, the chert and shale, and the compositional
diversity within the ore lens, all of which occur at the
Buckeye, are missing from the Galapagos mounds.

Manganese-rich crusts have been dredged from the
base of the median-valley scarp at the Trans Atlantic
Geotraverse (TAG) site on the Mid-Atlantic Ridge (Scott
and others, 1974). Crust from site 13 is composed of 5- to
10-mm-thick layers of birnessite with minor todorokite.
Radiometric data indicate rapid growth of the crust, 0.1
to 0.2 m/10° yr, The chemical signature is not distinetly
that of either a suboxic diagenetic or a hydrothermal
process. The concentrations of Co (maximum 25 ppm),
Cu (less than 119 ppm), and Ni (less than 660 ppm) are
relatively small, and the U/Th®? ratio ranges from 2.3 to
6.6. The large Mn/Fe (the minimum value is 364) favors
a hydrothermal process, but the concentration of U (9 to
16 ppm) is larger than in other hydrothermal deposits.
Ferromanganese crust with 1- to 5-mm laminations,
dredged from TAG sites 2B and 10G, had similar concen-
trations of U (11 to 18 ppm) but, in contrast, much
smaller U/Th®2, suggestive of a hydrogenous process.
Influenced by a small increase in the temperature of
bottom water and by the presence of Fe-rich suspended
particles, Scott and others (1974) concluded that the
crust from site 13 was deposited by a hydrothermal
spring. Klinkhammer and others (1986) revisited the
area and found anomalously high temperatures (as great
as 0.6 °C above ambient) and concentrations of manga-
nese and silica in fluids collected near vents, supporting
a hydrothermal origin for crust at site 183.

Seafloor deposits in the French American Mid-Ocean
Under Sea (FAMOUS) area of the Mid-Atlantic Ridge
were retrieved by Hoffert and others (1978). Water
samples taken near two vents showed neither a temper-
ature nor a composition anomaly, but a thin wedge of
surficial precipitate spread outward from each vent,
decreasing in thickness from 1 to 0.1 m and covering an
area of about 40 by 15 m. The underlying sediment was
fossiliferous and CaCOQs-rich. Surficial materials rich in
Fe and Si and composed of glauconite-celadonite and
nontronite occurred near the vents, whereas Fe-Mn
oxyhydroxides lay farther from the vents. With distance,
there was the following progression of materials:
“gel-like inclusions of manganite, gel-todorokite, gel-
rancieite, birnessite-rancieite, and gel-cryptomelane”
(Hoffert and others, 1981, p. 81). Some interlayering
between clay-rich material and oxide-hydroxides
occurred. The clays had Mn/Fe values of 0.1 to 0.3, low
concentrations of Co, Ni, and Cu, and Co/Zn values less
than 2, thereby falling into the Fe-rich hydrothermal
category. The Mn-rich materials had Mn/Fe values of 2 to
3, like many hydrogenous and diagenetic deposits, but
had lower concentrations of Co, Ni, Cu, and Zn than oxic
diagenetic or hydrogenous deposits. Because of their
association with vents and ferruginous clays, we favor an
origin involving hydrothermal over suboxic-diagenetic
processes. Perhaps these Mn-rich materials are samples
of the intermediate stage in the fractionation path
between Fe-rich and Mn-rich hydrothermal precipitates.
In contrast, basalts collected some distance from the
vents are covered with Fe-rich crusts. These coatings
have Mn/Fe values of 0.3 to 0.5, high concentrations of
Co, Ni, and Cu, and a Co/Zn of 5.7 to 8.2. This different
chemical signature reflects hydrogenous or oxic-
diagenetic processes. Although the composition of the
crusts found adjacent to the vents is too Fe-rich to be a
good analogue for the Buckeye, the FAMOUS site
demonstrates that hydrothermal processes develop tab-
ular (almost lenslike) bodies, form gel-like materials,
and develop compositional diversity by fractionation on a
very local scale.

Recently, a new mounds field has been discovered in
the Mariana back-arc basin. Some observations may bear
upon the origin of deposits such as the Buckeye. Leinen
and others (1987) reported that the Mariana mounds are
associated with high heat flow and faults, have morphol-
ogies ranging from cones 2 m high to hummocks half that
height, and are associated with finely laminated sedi-
ments. Leinen and others (1987) also related the forma-
tion of nontronite to a supply of biogenic silica. Fluid
adveects from the centers of the mounds over a distance of
30 m (Leinen and others, 1987; Wheat and McDuff, 1987;
Dadey and Leinen, 1987). Although we do not discount
the importance of precipitation at the seawater-sediment
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interface, lateral flow parallel to sediment laminations
provides a mechanism for distributing additional fluxes
while preserving earlier formed layers of contrasting
composition.

Vents in the Guaymas Basin, on the northern exten-
sion of the East Pacific Rise (EPR), debouch hydrother-
mal fluids that interacted with a thick sedimentary pile
after leaving the presumed basaltic basement (Von
Damm and others, 1985). The sediments in the southern
trough consisted of siliceous skeletal debris and detrital
clays but, unlike the Buckeye deposit, had 10 to 15
percent CaCOs. The Mn content of the solutions was not
as great as at the sediment-starved ridge vents, presum-
ably because the vented solutions were alkaline and with
pH of 6.5, due to dissolution of CaCO3 and decomposition
of organic matter to produce NH,. Nevertheless,
reported Mn concentrations exceed those of seawater by
a factor of 10*, and Lonsdale and others (1980) found
surficial Mn-rich crusts on tale in the northern trough of
the basin. All Mg and sulfate could be attributed to
mixing or contamination with fresh seawater, but the
appreciable H,S content suggests that degradation of
organic matter was more than sufficient to mobilize Fe*2
and that ferrous iron sulfide should have precipitated at
depth. Vent temperatures exceeded 250 °C. Bowers and
others (1985) modeled both the interaction of hot EPR
fluids with Guaymas sediment at 315 °C and the mixing of
315 °C Guaymas vent fluid with fresh, cold seawater. The
calculations were not carried to temperatures lower than
5°C, corresponding to fluid mixtures containing less than
1 percent of the original hydrothermal component.
Quartz, tale, sulfides, and smectite were the dominant
precipitates, and the oxygen fugacity did not increase
sufficiently to precipitate quadrivalent Mn oxides. Bow-
ers and others did not, unfortunately, consider the
interaction of fresh seawater with sediments alone, par-
ticularly calcium-carbonate—free sediments, as occur at
the Buckeye. Campbell and others (1988) found that,
upon dilution, dissolved Mn emitted from Guaymas vents
precipitated within 1 week (or within several kilometers)
and settled, contributing to the Mn anomaly in the
surface sediments.

Data for the REE-enriched hydrogenous nodules and
crusts abound, but REE analyses of the relatively
depleted hydrothermal deposits, modern or ancient, are
scarce. Preliminary analysis suggests that three charac-
teristics of the REE patterns can be correlated with the
nature of the mineralizing process (table 13). Relative to
seawater, the REE patterns of hydrothermal oxyhy-
droxides and clays are less evolved—depleted and flat—
than are patterns of hydrogenous materials (fig. 13A).
Examination of REE patterns for a variety of materials
from modern deposits (figs. 13A,B) suggests that a Ce
anomaly can develop without appreciable overall enrich-

ment and that, even in the region in which enriched
patterns overlap, the hydrogenous patterns show a
depletion of heavy REE whereas the hydrothermal
patterns are relatively flat. These observations suggest
the following progression of features with increasing
degree of REE enrichment (fig. 13F). The first charac-
teristic to develop is the Ce anomaly (pattern 2), which
becomes distinct before appreciable overall enrichment
in REE (pattern 3). The last characteristic to develop is
the depletion in heavy REE (pattern 4) relative to the
intermediate REE (pattern 3). This last pattern proba-
bly develops long after the third stage and may be the
result of diagenetic as well as hydrogenous processes.
The earlier stages of this sequence correspond to the
progressive dilution of the vented fluids. Comparison of
figures TA and 13E suggests that the Buckeye protoliths
have characteristics that are little evolved relative to
seawater and plankton and that are similar to patterns
from hydrothermal materials.

It is clear that, although no modern analogue for the
Buckeye deposit has been found, marine hydrothermal
deposits record some of the fluxes that were previously
proposed for the Buckeye. Further, the late-stage and
highly fractionating hydrothermal processes in the
marine environment record some of the geochemical
signatures that were found in the Buckeye protoliths.
Sources for two of the sedimentary fluxes (dissolved Mn,
Si) are found in the venting solutions at the modern
deposits. At vent sites that have no siliceous sediments,
the dissolved silica is precipitated as iron-bearing clays,
late in the progressive mixing of vented fluids and
seawater. At the Guaymas Basin, where hot fluid inter-
acts with a siliceous sediment column that is thicker than
the chert-rich section at the Buckeye, quartz is a major
product of precipitation. Perhaps, were the solutions
cooler or in contact with siliceous sediment for a shorter
time, late-stage Mn silicates might precipitate before the
Mn is oxidized and precipitated as oxyhydroxides. Fresh
seawater, a possible source of O, to precipitate hausman-
nite and braunite and of Mg necessary for Mg-rich
chlorite and Mg-substituted caryopilite, is ubiquitous
near the vents. Missing from the modern hydrothermal
environments is direct evidence for the dissolved-CO,
flux, although measured high values of alkalinity and pH
(Von Damm and others, 1985) are suggestive of its
presence. Carbon-dioxide species must have been
present in the modern systems because skeletal CaCQ; is
present in some sediments and because diagenetic pro-
cesses make HCOg5 available to the solutions during all
stages of the oxidation of organic matter (Froelich and
others, 1979). As in the case involving a deficiency of
dissolved silica to precipitate Mn silicates, a higher
concentration of dissolved CO, is needed to precipitate
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Mn as MnCOjg before quadrivalent oxides. Perhaps abun-
dant siliceous turbidites, such as those at the Buckeye,
can provide both.

Were siliceous ooze to be abundant in the modern
mounds-forming environments, in which cool fluids are
vented, there could be three important chemical differ-
ences. (1) The siliceous skeletal debris could provide
soluble opaline silica to form the Mn-silicate proto-
liths—the gel-like materials and clays of caryopilite,
taneyamalite, and gageite compositions. (Without the
source of easily soluble silica, hot solutions would be
necessary to dissolve silica from silicates in basalt in the
sediment column.) (2) Abundant organic debris would
decompose and ultimately be oxidized to HCO3 or CO,,
providing the dissolved carbonate necessary to precipi-
tate rhodochrosite. (3) A consequence of the decomposi-
tion of organic matter and CO, generation is the con-
sumption of dissolved oxygen in fresh seawater to
produce fluids with intermediate to low redox potentials.
These reduced fluids would stabilize Mn*? ions so that
Mn could be dissolved and transported from sediments
and (or) basalt. Progressive dilution with fresh seawater
at the vent would reverse the process by increasing the
alkalinity and Eh of the fluids, causing rhodochrosite,
hausmannite, braunite, and Mn-silicates to precipitate.
Pulses in the flux of silica and organic matter, caused by
nearby turbidites of radiolarian sand that occurred at the
Buckeye, provide one possible mechanism for developing
layers and laminations with strong compositional con-
trast. Each turbidity flow would immediately disturb the
fluids near the seawater-sediment interface, more slowly
influence the dissolved silica concentrations, and ulti-
mately, through diagenetic processes, influence the flu-
ids that contribute to the supply of Mn and CO,. No
modern deposits of rhythmically interbedded chert and
shale protoliths are known (Hein and Parrish, 1987), with
or without hydrothermal precipitates. A clue to their
occurrence might be the association of a zone with very
high productivity of siliceous pelagic organisms, seafloor
vents that discharge cool fluids, and a seafloor that lies
below the carbonate compensation depth.

SOME POSSIBLE ANCIENT ANALOGUES

Many manganese-rich deposits occur in the geologic
record. A review of some of these deposits, particularly
those associated with interbedded chert and shale, may
provide additional clues for the origin of the Buckeye
deposit. Because none of these deposits is as little
metamorphosed as the Buckeye, their mineral associa-
tions or assemblages differ from those of both the
modern deposits and the Buckeye. In the following
paragraphs we will discuss how the Buckeye protoliths

might change with increasing metamorphic grade and
discover that some metamorphosed deposits record orig-
inal features that are similar to sedimentary features
recorded by the Buckeye.

PROJECTED METAMORPHIC PATH

Manganiferous sediments that have been subjected to
metamorphic temperatures greater than those experi-
enced by the Buckeye deposit should develop distinctive
suites of Mn-rich minerals. Many possible minerals are
included in the compilation (table 1). Of this list, the
minerals that will actually be present depend as much
upon the bulk composition of the manganese deposit as
upon metamorphic grade. In the case of the Buckeye,
Mn, Si, C, O, H, and perhaps Al and Mg are the
controlling elements. The minerals most likely to form
include tephroite, pyroxmangite, spessartine, bixbyite,
chlorite, and perhaps the rare Mn-chlorites, pennantite
and gonyerite. Tephroite and pyroxenoids will form at
the margins of the lens by reactions involving rhodo-
chrosite and chert (Huebner, 1967). Under appropriate
conditions and suitably high fH,0 and fF, (or low fCO,),
the humite-group minerals sonolite, manganhumite, and
alleghanyite might appear. We suspect that these min-
erals are more common than has been previously recog-
nized. The scarcity of MgO and FeO in the Buckeye
deposit is not conducive to the formation of amphiboles
(tirodite-dannemorite). The paucity of Na,0, MgO, and
Fe would severely limit the appearance of pyroxenes—
donpeacorite, kanoite, johannsenite, or the unnamed
NaMn*3Si,0, found by Ashley (1986) and by Lucchetti
and others (1988)—and the amphibole kozulite. The
searcity of Ca0, Al,04, and Na,O make the formation of
akatoreite, piemontite, the manganese pumpellyites,
carpholite, and most hydrous pyroxenoids unlikely.
Thus, a consequence of a restricted bulk composition is
that the chemically simple phases should persist over a
wide range of metamorphic conditions. At the Buckeye,
much of the braunite, hausmannite, and rhodochrosite
should persist to higher metamorphic grades.

Huebner (1967, 1976) predicted that, with increasing
temperature and fCO, sufficient to stabilize rhodochros-
ite, fO, would fall or maintain a relatively constant value
but would not rise. There would be a series of decarbon-
ation reactions by which protoliths of rhodochrosite,
hausmannite, braunite, and quartz would react to assem-
blages that contain tephroite and (or) a pyroxenoid.
Bixbyite or quadrivalent oxides would not appear unless
the protolith was more highly oxidized than at the
Buckeye.

The caryopilite, taneyamalite, and gageite protoliths,
which were not originally considered by Huebner (1967,
1976), plot very near the Mn-Si join, shown in
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EXPLANATION

Ideal compositions:

Rh-Rhodonite
Sp-Spessartine

Br-Braunite
Rdc-Rhodochrosite

Ca-Caryopilite H-Hausmannite
T-Tephroite Bi-Bixbyite
Ta-Taneyamalite Cl-Clinochlore

FIGURE 14.—Predicted greenschist-facies assemblages for Buckeye
protoliths in which the principal Others components are Al,Q; and
MgO in chlorite and gel of chlorite composition. Sample numbers
refer to analyzed protoliths (table 6). A, Projection from Q,, CO,, and
H,0 onto the plane MnO—Si0,—3Others. This diagram is suitable
for silicate-rich and carbonate-rich protoliths in which most manga-
nese is divalent. Mole percent. Symbols for protolith samples are the
same as in figure 9D. B, Projection onto the plane MnO—S8i0,—0,
from all other components. This diagram is suitable for protoliths

MnO-Si0,—0, and MnO-SiO,—30thers projections
(fig. 14). A gageite-rich protolith, represented by 656H79,
might transform to a mixture of hausmannite, tephroite,
and vapor at relatively high fO, but, if the ambient fCO,
was sufficiently high, rhodochrosite would take the place
of hausmannite. A carbonate-gageite protolith such as
B50 would also yield carbonate, tephroite, and perhaps
hausmannite. Caryopilite-rich protolith, represented
by B84 (caryopilite-carbonate-chlorite), should react to
carbonate, tephroite, spessartine, and vapor. Our
caryopilite-carbonate protolith (B112) would yield the
same minerals, but in different proportions. Were the
protolith very caryopilite-rich, pyroxmangite would be a
reaction product. Because the manganese in these

Cl
sio, AnSpTa” C3 T Sesuzg  Mno
B112
EXPLANATION
ldeal compositions:
Rh-Rhodonite Br-Braunite

Rdc-Rhodochrosite
H-Hausmannite
Bi-Bixbyite
Cl-Clinochliore

Sp-Spessartine

Ca-Caryopilite
T-Tephroite

Ta-Taneyamalite

B

rich in hausmannite, braunite, or bixbyite. The anticipated metamor-
phic assemblages involve tephroite, rhodonite, and spessartine, in
addition to the low-temperature phases braunite, hausmannite,
rhodochrosite, and quartz, which will persist to high metamorphic
grade. Because there are so few minerals in chemically simple systems
such as those at the Buckeye, these metamorphic assemblages should
persist over a range of conditions. Assemblages involving spessartine
and one of the oxides, hausmannite, braunite, or bixbyite, are unlikely
because chlorite does not ocecur in the “oxidized” protoliths.

assemblages is predominantly divalent, braunite would
not appear. More oxidized layers, represented by a
braunite-rich protolith such as B95, would form a
tephroite-hausmannite or tephroite-carbonate assem-
blage if O, were free to leave the system, but if fO,
remained constant, braunite could persist to higher
temperatures. Hausmannite is more reduced and stable
at higher temperatures, so a hausmannite-rich protolith,
represented by B104, would retain most of its low-
temperature characteristics, with only minor amounts of
tephroite forming from admixed caryopilite and gageite.
The sodium in taneyamalite might stabilize nambulite,
saneroite, or serandite. We think that because CaO is
low in the Buckeye protoliths, the pyroxenoid might be
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pyroxmangite, but rhodonite would be a more likely
product of metamorphosing santaclaraite-rich veins or
horizons.

With increasing metamorphic grade, the possible
assemblages that could form are severely limited by the
restricted bulk composition of the Buckeye ores and
other Mn-rich deposits. The variety of Mn minerals
(table 1) reported from Mn deposits metamorphosed to
greenschist and amphibolite grades reflects, in large
part, the availability of elements that are found in only
low amounts or are essentially absent at the Buckeye.

ORIGINS OF ANCIENT DEPOSITS

Of the deposits that might have an origin similar to
that of the Buckeye, few rival its diversity of Mn-rich
lithologies, and most others include lithologies that are
chemically distinct. To identify deposits formed in similar
environments, we must not ignore deposits composed of
fewer protoliths than at the Buckeye or deposits that
contain significant additional chemical components, per-
haps reflected in new lithologies. Unfortunately, few of
our predecessors described the combination of geologic
setting and compositions of individual layers that will be
necessary to identify true analogues. In the following
paragraphs we will summarize critical features of some
possible analogues to the Buckeye deposit (and features
of some deposits that are not suitable analogues). The
analogues have a worldwide distribution. Like the Buck-
eye, many appear to have their origins in a chert-forming
marine environment.

The Smith prospect, Sierra Nevada Foothills, Nevada
County, Calif. (I.F. Wilson, in Trask, 1950, p. 167-168;
Hewett and others, 1961; Huebner, 1967; Flohr and
Huebner, 1988), lies in a belt of chert, slate, mafic
igneous rocks, and graded crystal tuffs of probable
marine origin. The deposit is a lens of rhodochrosite and
laminated hausmannite enveloped by massive white to
gray chert. Metamorphic minerals are rhodonite, teph-
roite, and small amounts of spessartine and sonolite;
their occurrence is controlled by local bulk composition.
At least some of the rhodonite is a reaction product
between carbonate and chert (Huebner, 1967). Interbed-
ded chert and metashales are nearby. Huebner noted the
occurrence of pyrite crystals and “colorless to brown
glass...incipiently recrystallized to a platey yellow sili-
cate with TA spacing” (p. 75). The “glass” may corre-
spond to the gel-like material of chlorite composition
found at the Buckeye, and the pyrite may signify reduc-
tion of seawater sulfate to form sulfide. Spessartine
occurs with rhodonite and chert, but not hausmannite,
much as chlorite layers at the Buckeye avoid the more
oxidized assemblages. The area contains serpentine and
mafic voleanic rocks of zeolite- or lower greenschist-

facies grade. It is clear that tephroite and rhodonite can
form at very low metamorphic grades. We expect the
compositions of the protoliths at the Smith prospect to
have higher CaO contents but otherwise to resemble the
compositions reported for the Buckeye (table 6). Hueb-
ner (1967) advocated an origin for the Smith deposit that
involved thermal springs. We see no reason to discount
the connection between manganese deposition and a
hydrothermal ore-forming system driven by an igneous
heat source at the Smith prospect.

The setting of the Manga-Chrome mine is similar to
that of the Smith prospect, which lies three miles to the
south (I.F. Wilson, in Trask, 1950; Hewett and others,
1961; Flohr and Huebner, 1988). We examined a suite of
tephroite-bearing samples, one of which is shown by
Hewett and others (1961, their fig. 1). These specimens
show sedimentary layers and laminations on a scale
similar to that of the Buckeye protoliths. The layers
consisted of rhodochrosite, the material called neotocite
by Hewett and others (1961), but which is probably
gel-like material of chlorite composition, and
hausmannite-rich metasediment. Some tephroite forms
layers parallel to bedding and may represent metamor-
phosed gageite-rich layers. We expect that the composi-
tion of these sediments would resemble those of the
Buckeye protoliths. A metamorphosed volcanic fragment
sits in laminated carbonate-rich mud, suggesting a close
spatial association between volcanism and deposition of
manganese-rich sediments.

Manganiferous metasediments at the Hoskins mine,
New South Wales, Australia (Ashley, 1986) lie between
ferruginous metachert (compositionally similar to a mix-
ture of chert and Al-poor nontronite) and overlying
metasiltstone and metasandstone. The metachert over-
lies metabasalt of MORB (midocean-ridge basalt) compo-
sition and probable greenschist-facies metamorphic
grade. This suite was deposited on the seafloor of the
Cowra trough. Ashley compared the contorted and bree-
ciated laminations with those of jasper at the Blue Jay
and South Thomas mines, Franciscan Complex (Crerar
and others, 1982); we would extend the comparison to
deformed protoliths at the Buckeye deposit. The jasper
grades into massive manganese-rich metasediment that
now contains tephroite and rhodonite with minor haus-
mannite, Mn-rich chlorite, Mn-rich garnet, and relic
manganoan calcite and quartz. Texturally and composi-
tionally laminated Mn-rich sediment in which much Mn
and all Fe are trivalent may overlie the massive ore. The
minerals include braunite, manganoan pectolite, amphi-
bole (near kozulite in composition), an unnamed Mn*3
analogue of acmite, and an Mn-rich micaceous phase. The
compositions of Mn-rich metasediments at the Hoskins
mine are similar to compositions of the Buckeye proto-
liths but have slightly higher concentrations of Al,0s,
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Fe,03, and Ca0 and significantly higher concentrations
of alkalis and the trace elements Ba, Co, and Sr. The two
Mn-rich metasediments at Hoskins can be distinguished
by the higher As and lower Co, Cu, Sr, and Zn in the
massive ore. Ashley (1986) proposed an origin in which
laminated silica and iron hydroxide gels were overlaid by
mounds of Mn-carbonate, Mn-oxides and hydroxides,
and silica that were deposited near vents. The possibility
of Mn-silicate protoliths was not discussed. Possible
precursors for the laminated ore, suggested by Ashley
solely on the basis of the chemistry of the layers, include
alkali feldspar or alkali-silicate gel; clays; oxides and
hydroxides incorporating Mn, Ba, and K; barite; and
Ca-Ba-Mn carbonates. Perhaps caryopilite should be
added to his list.

Deposits in the Ashio mountainland, Japan, best
reveal the geology of the bedded manganese deposits in
the Chichibu geosyncline, Japan (Watanabe and others,
1970). These deposits are stratiform and occur with
thin-bedded and massive cherts and basic voleanic rocks.
The amount of Mn ore correlates with that of associated
massive chert. The primary precipitates include
rhodochrosite, hausmannite, bementite, and “siliceous
material represented by colloidal silica” (Watanabe and
others, 1970, p. 139). This material may correspond to
the relic gel-like material found at the Buckeye. Regional
metamorphism resulted in braunite, tephroite, rhodo-
nite, spessartine, and piemontite. The conformably bed-
ded and mineralogically diverse deposits described by
Watanabe and others (1970) are more similar to the
Buckeye deposit than are the spherulitic rhodochrosite
nodules of purported diagenetic origin from the Inuyama
district, Japan, described by Matsumoto (1987).

Banded and massive manganese deposits are associ-
ated with chert-basalt contacts in the Apennine ophio-
lites (Bonatti and others, 1976). Base-metal deposits
occur in the basalts. The manganese deposits are con-
tained in layered chert, some of which is radiolarite, 20 to
30 m above the basalt. Limestone and calcareous shale,
but not graywacke, succeed the chert. Iron-rich sedi-
ments (Fe-oxides, ferruginous chert, or argillite) are
absent; the authors attributed this absence to the early
removal of iron (as sulfide) from a hydrothermal system.
Banded manganese deposits are stratiform and contain
layers of Mn minerals interbedded with red chert at a
thickness scale of 1 em. Massive deposits the size of the
Buckeye lenses occur at the hinges of folds, are brecci-
ated, and grade laterally into banded deposits. Braunite
is the principal manganese mineral; it is commonly
accompanied by traces of rhodochrosite, parsettensite,
chlorite, rhodonite, and piemontite. As is the case with
the Buckeye ores, the bulk compositions of the Apennine
ores fall close to the join Mn*2Mng 3Si0,,—Si0,, with
minor Fe, Al, Mg, Ti, and alkali contained in nonmanga-

niferous silicates. The Mn/Fe and U/Th values are large
and the concentrations of Cu and Ni are small. The Co
concentration (11-600 ppm range), although higher than
in most deposits thought to have a hydrothermal origin,
is distinctly lower than in typical hydrogenous deposits.
Bonatti and others (1976) presented two REE patterns
that are puzzling even when the labeling of their table 7
is made to conform with their figure 6 and text. The
seawater-normalized pattern (fig. 13C) for a braunite-
rich sample is depleted like the Buckeye carbonates but
has a well-developed (and unique) negative Ce anomaly;
the mid-range is flat. The chert is depleted overall.
Bonatti and others (1976) proposed that the Mn was
deposited as a sedimentary precipitate and that the
observed mineralogy developed during subsequent met-
amorphism. We think that the Apennine deposits dem-
onstrate several sedimentary precipitates with an origin
related to voleanism and hydrothermal processes. The
similarity of the Apennine and Buckeye deposits sug-
gests that the Buckeye may also have had a hydrother-
mal origin.

The Blue Jay (Trinity County) and South Thomas
(Mendocino County) deposits in the Franciscan Complex,
California, are deposits that may also be analogous to the
Buckeye deposit. Crerar and others (1982) described
massive Mn-rich lenses in thinly bedded chert that is
underlain by basalt. Crerar and others (1982) did not
report massive chert, but I.F. Wilson (in Trask, 1950, p.
138-139) noted the presence of massive white chert at
the South Thomas mine. At the Blue Jay mine, sandstone
occurs in contact with both chert and basalt (Crittenden,
i Trask, 1950, p. 308). Crerar and others (1982) referred
to the ore as massive but reported few results of a
thin-section examination of the ore. We have found that
even the most massive hand specimens of Buckeye
braunite and hausmannite are laminated when examined
as polished thin sections, and we suspect that the braun-
ite from the Blue Jay and South Thomas mines would
also prove to be laminated, were it so examined. Trask
and Trauger (in Trask, 1950, p. 309-310) mentioned only
hausmannite, carbonate, bementite, and native copper in
the ore from the Blue Jay mine. Crerar and others (1982)
identified braunite and minor rhodochrosite, hausmann-
ite, bementite, neotocite, rhodonite, inesite, pyrolusite,
todorokite, birnessite, nsutite, and vernadite, but they
found that much of the Mn-rich material was so poorly
crystallized that it could not be characterized. Trace-
element data were given by Crerar and others (1982) and
Chyi and others (1984). In many respects, the analyses
are comparable to those of an average Buckeye compo-
sition. The ores have high Mn/Fe and U/Th, and low
concentrations of Al and Ti, but Buckeye values for Zn
are higher and for Cu lower. Most REE patterns (fig.
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13D) show little overall enrichment and relatively flat
slopes, similar to patterns for the Buckeye and the
modern hydrothermal materials, but it is puzzling that
the two most REE-enriched samples have the smallest
Ce anomaly. The REE patterns for most of the cherts
are similar to those of the most enriched cherts at the
Buckeye. Clearly, there are morphological, mineralogi-
cal, and chemical similarities among these three deposits.
As in the case of the Apennine deposits decribed by
Bonatti (1976), the similarity of Blue Jay, South Thomas,
and Buckeye deposits suggests processes associated with
seafloor volcanism and hydrothermal activity.

Compared with Mn deposits in the Franciscan Com-
plex, stratabound Mn-rich lenses of Northland and Auck-
land, New Zealand, have similar lenticular shape but are
smaller and lack associated massive chert (Stanaway and
others, 1978, p. 24). Associated rock types are interbed-
ded cherts and argillites, marbles, submarine lavas and
tuffs, massive sulfide lenses, and ferromanganese depos-
its. The Mn-rich laminae and lenses consist of hausman-
nite, braunite, bementite, and manganite but not carbon-
ate. Stanaway and others (1978) invoked diagenetic
unmixing and recrystallization of sedimentary Mn-rich
clay precipitates under alkaline conditions to develop the
observed coarser textures and colloform structures. The
Mn/Fe values and trace-element concentrations for most
primary deposits in Auckland are similar to those for the
Buckeye deposits, but silica is lower and alkali higher.
Stanaway and others (1978) regarded the primary ferro-
manganese precipitates as having been amorphous and
now best represented by the cores of oolites. These New
Zealand deposits demonstrate a close association with
voleanic processes and textural diversity that increases
with diagenetic reprocessing. Three stages of marine
hydrothermal ore formation may be represented: early
sulfide formation, Fe precipitation, and late Mn precipi-
tation. The Buckeye deposit records only the stage of Mn
precipitation. Further, postdepositional processes such
as diagenesis do not appear to have been important at the
Buckeye.

Other stratiform and banded manganese formations
with mineralogy similar to that of the Buckeye lack the
close association with chert and have lateral dimensions
that greatly exceed those of the Buckeye lenses. The
Hotazel Formation in the Kalahari Basin, South Africa,
contains Mn-rich sediments (braunite, hausmannite,
bementite, traces of rhodochrosite) and banded iron-
formation (De Villiers, 1970; Kleyenstuber, 1984). Vol-
canic shards (in the Mn sediments), silicified rock, jasper,
and andesitic voleanic rocks, but not graywacke, are
present. Kleyenstuber advocated a volcanogenic-
sedimentary origin. Unlike the Buckeye, the Hotazel has
no interbedded chert-metashale sequences. The lateral
extent of individual manganiferous horizons (more than

35 km) exceeds that found in most modern marine
analogue environments (basins, rifts) or that of the
Ladd-Buckeye district. Thus the ore-forming process
must have been capable of delivering tremendous quan-
tities of Mn and dispersing it throughout an entire basin.

Banded greenschist-facies metasediments of Harlech,
Wales, form a 40-cm-thick horizon that covers an area
of 190 km® and correlates with quartz-spessartine
metapelite horizons located 30 km to the west (Bennett,
1987). The Harlech Mn-rich horizon extends throughout
the area and consists of Mn-rich carbonate, spessartine,
chlorite, and silica. We think that the Harlech protoliths
could have been composed of Mn-carbonate, Mg-chlorite,
and quartz or of taneyamalite and Mg-chlorite (see fig.
14). The mean trace-element concentrations (Mohr, 1956,
Bennett, 1987) are similar to those of modern hydrother-
mal precipitates (table 13). The REE patterns (Bennett,
1987), converted to our seawater-normalized scheme
(fig. 18C), resemble Buckeye patterns. Red laminated
ore shows the greatest REE enrichment, consistent with
the aluminosilicate fraction. The pattern of yellow con-
cretionary ore, now composed largely of carbonate,
spessartine, quartz, and chlorite, closely resembles the
pattern for the caryopilite-carbonate protolith at the
Buckeye (fig. 7B, B112). Caryopilite and carbonate are
reasonable protoliths for the observed mineral associa-
tion of the yellow layers at Harlech. Microspherulitic ore
is reported to be composed of carbonate, but the REE
patterns are more enriched than those of Buckeye
rhodochrosite. Perhaps this distinction can be attributed
to the opaque phase, presumably a Mn-oxide, that is
evident in Bennett’s photomicrograph (1987, his fig. 7C).
The “average carbonate” (Bennett, 1987, p. 13) is not
described. Like Buckeye carbonate, it has low concen-
trations of REE. Like Buckeye gageite, the Harlech
carbonate is enriched in the heavy rare-earth elements
Yb and Lu. Perhaps Harlech carbonate had a protolith
consisting of rhodochrosite and gageite. As in the case of
the Hotazel deposits, the Mn-rich sediments of Harlech
have similarities to the Buckeye deposit and its modern
analogues, but the rhythmic cherts are lacking and the
areal extent is larger. Needed is a process to introduce
Mn and to disperse it over an area of 190 km® Bennett
(1987) proposed that this process was the precipitation of
oxides or, less probably, carbonates directly from a
hydrothermal brine. Were this brine to be denser than
cold seawater and to spread laterally to fill a basin, as at
the Red Sea (see Bischoff, 1972, his fig. 2), Mn could be
spread over an area the size of the Harlech or Kalahari
Mn-rich horizons.

We conclude this section by noting that there may be
more than one environment for the formation of proto-
liths that in some way resemble those found at the
Buckeye deposit. However, the themes of hydrothermal
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activity and voleanism are common to deseriptions of
both modern seafloor deposits and ancient deposits that
might, before diagenesis and (or) metamorphism, have
had similar protoliths. Lacking is a consistent set of
chemical and isotopic observations that can be uniformly
applied to all deposits. In many cases, we are not
confident that the reported mineralogy is complete or
correct. Most serious is the almost total lack of petro-
graphic data on internal structures that might help
distinguish primary sedimentary processes from diage-
netic and metamorphic processes. We urge future work-
ers to sample these deposits on the scale of the original
sedimentary units and to present petrographic data in
addition to chemical data.

ORIGIN OF BUCKEYE DEPOSIT

The foregoing descriptions provide clues to the nature
of the environment in which the Buckeye deposit formed
and to the processes of manganese concentration and
precipitation that might have operated in that environ-
ment. By extension, other manganiferous lenses in the
Franciscan Complex may have similar origins. We will
summarize the local environment, discuss the combina-
tion of processes that we believe was responsible for Mn
deposition, then move on to discuss the regional geologic
frameworks that might permit the operation of these
processes.

ENVIRONMENT NEAR BUCKEYE DEPOSIT

The association of conglomerate, graywacke and shale,
chert, and manganiferous units to form a thick unit (the
Grummett broken formation) appears to be caused by
primary sedimentary processes rather than secondary
tectonic juxtaposition. Radiolarian cherts are marine,
occur in orogenic belt sequences (Hein and Karl, 1983),
and are deposited in environments that are isolated from
coarse terrigenous clastic material such as that which
would form graywackes. Although it would be conve-
nient to call upon tectonic processes to juxtapose the
chert and graywacke, no field evidence supports this
idea. The Buckeye deposit apparently formed in an
environment that permitted the alternation of chert-
forming and graywacke-forming processes.

There is evidence for a high-energy distant environ-
ment and a low-energy nearby environment. The occur-
rence of thick graywacke units coupled with the coarse
basal(?) conglomerate and intraformational shale-chip
conglomerate further indicate that one environment had
high potential energy, such as might be provided by a
continental slope, walls of a rift valley, or slopes leading

outward from a midocean ridge or into a trench. The
lateral continuity of the thin chert beds and interbedded
metashales, which are uniform over at least the scale of
outecrop, indicates the presence of a second environment
with low potential energy that had a gently sloping or flat
seafloor, perhaps in the form of a small, shallow basin.

The high-energy environment provided differentiated
plutonic components (alkali feldspar, quartz, volcanic
clasts), ultramafic and mafic components (chromite, chlo-
rite), chert, and lithified but not recrystallized sediments
(shale chips). The source must have been distant and
exposed a cross section including recent sediments,
differentiated igneous rocks, and ultramafic to mafic
basement. The ribbon cherts, representing the nearby
low-energy environment, contain two components. One
is clearly local in origin and consists of the debris of
siliceous pelagic organisms, which accumulated on the
ocean floor and periodically flowed into the site of
manganese deposition. The second component is repre-
sented by the fine, claylike material that formed the
metashale interbeds and mixed with the accumulating
debris of organisms to form the included “dust” and thin
partings in the cherts. The similarity between the aver-
age TiO,, AlL,04, and alkali contents of seven metashales
from the Ladd-Buckeye district (the argillites of Hein
and others, 1987) and averages for metashales (Petti-
john, 1957) and graywacke (Pettijohn, 1963) suggests
that the source material for the metashales was detrital,
perhaps fine detritus related to the graywacke. This is
confirmed by the REE patterns, which mimic those of
the graywackes (fig. 7A). Deposition of the metashales
was probably continuous, forming a background that was
periodically overwhelmed (diluted) by a turbidity flow or
deposition of a manganese lens.

The combined lack of current structures, algal struc-
tures, bioturbation, and calcareous fossils together with
the preservation of delicate laminae suggests deposition
in deep water, consistent with the topography necessary
to accelerate the turbidites. The depth of the seafloor is
not known; the absence of calcareous skeletal debris and
the relatively low concentrations of CaO in the ores and
surrounding sediments suggests deposition below the
carbonate compensation depth (or, conversely, suggests
that there were no pelagic calcium-secreting organisms).
The abundance of radiolarian chert suggests oceanic
upwelling that enriches surface waters in nutrients (Hein
and Parrish, 1987). Because even hot solutions vented at
the seafloor have been observed to move laterally rather
than reach the surface of the ocean (Klinkhammer and
others, 1986; Baker and Massoth, 1986), it seems unlikely
that there would be a direct connection between fluids
vented at the ocean floor and a pelagic bloom near the
surface.
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MANGANESE DEPOSITION AT BUCKEYE DEPOSIT

Traditional interpretation of the origin of deposits such
as the Buckeye involved inorganic hydrothermal pro-
cesses that culminated in thermal springs and precipi-
tates on the ocean floor. Recently Hein and others (1987)
and Hein and Koski (1987) invoked organic diagenesis at
depth that culminated in the replacement of chert by
manganese carbonate within the sediment pile. This
model provides a plausible explanation for the source
(quadrivalent Mn oxyhydroxides in the sediment column)
and solubilization (reduction to Mn*? state) of the man-
ganese. It also provides a mechanism (methanogenesis
and subsequent oxidation to CO,) for generating carbon-
ate that is strongly depleted in '*C. An origin involving
only diagenesis and replacement, however, is not com-
patible with all features at the Buckeye deposit. Our
principal objections to a model based on diagenesis and
replacement are the following.

(1) Despite the large number and diversity of samples
examined, we observed no islands of relic (unreplaced)
chert. (2) There is evidence that Mn was removed from,
not introduced into, the chert at the margin of the
orebody. (3) We observed no cases in which the orebody
transected the layering of the surrounding chert. (4) The
scale at which most of the ore is laminated is finer than
the scale of layering within the chert and metashale. (5)
There is a large halo of Mn enrichment, rather than Mn
depletion, surrounding the orebody. The MnO content
decreases from an average of about 50 weight percent in
the orebody to about 5 weight percent in the adjacent
wallrocks drilled by Volin and Matson (1949). Average
values for different lithologies in the series chert-
metashale from the Ladd-Buckeye district range from
0.21 to 1.29 weight percent MnO and 1.20 to 8.57 weight
percent total iron as Fe,O3 (Hein and others, 1987).
Compared with broader scale averages (Pettijohn, 1957;
Cressman, 1962), these materials appear enriched, not
depleted, in MnO. Additional analyses (Huebner and
Flohr, unpub. data) of chert and shale from the vicinity of
the Buckeye deposit confirm the MnO enrichment. The
MnO concentrations of seven graywackes range from
0.02 to 0.74 weight percent and thus, overall, appear
enriched rather than depleted in MnO (compare with
Pettijohn, 1957, 1963; Taylor and McLennan, 1985). (6)
According to the model, silica replaced by rhodochrosite
contributed to the formation of massive chert (Hein and
others, 1987, p. 220). However, the so-called massive
chert is thinly layered (bedded). The displaced silica has
not been found. (7) The model does not provide a
mechanism to form layers of six to nine distinet compo-
sitions in the orebody. Further, the massive chert and
interbedded chert and metashale lack the lithologic (com-
positional or textural) diversity of the orebody, making it
unlikely that the observed layering in the orebody

reflects layering of some precursor. (8) Gel-like materials
occur in the orebody, yet we would not expect such
fine-grained materials to form during the replacement of
chert and shale or to survive burial diagenesis in a wet,
warm environment. (9) The spherulitic and botryoidal
textures ascribed by others to precipitation of rhodo-
chrosite during diagenesis are rare at the Buckeye and,
where they do occur, clearly replace earlier, very fine
grained rhodochrosite. (10) The Mn protoliths, including
the Mn-silicates, have depleted REE patterns, relative
to those of the chert and metashale (fig. 7). Claylike
silicates formed by replacement inherit the trace-
element signatures of their precursors (Mosser, 1979;
Mosser and others, 1979). If the Mn protoliths, including
the silicates, formed by replacement, we would expect
less-depleted REE patterns. (11) The orebody and sur-
rounding graywackes are sulfide poor, yet the suggested
diagenetic reactions would have brought together dis-
solved Fe™? and H,S™ to precipitate FeS,. (12) Diagen-
esis of organic matter produces methane only after all
ferric iron is reduced to soluble Fe*2. Thus, in the
absence of a sink for iron (precipitation as sulfides), the
model fails to explain the high Mn/Fe observed in the
orebody. (13) The model calls for zones of Mn reduction
and oxidation, separated by a zone of diffusion. Such a
process should result in a single Mn-rich layer or single
set of Mn-rich layers, one of each protolith. It is difficult
to imagine a diffusion process at depth that will produce
cyclically alternating compositions, such as the carbonate
and caryopilite observed at the Buckeye. Were the oxic
zone raised, the zone of Mn precipitates should be
dissolved and reprecipitated at a higher level. There is no
petrographic evidence for such a shift in position. (14) It
is unlikely that diffusion alone would be the mechanism
for scavenging Mn from the surrounding volume of chert,
metashale, and graywacke. Considering the distances
involved (the zone of Mn enrichment extends hundreds of
meters), it is probable that moving fluids played an
important part in transporting the manganese. (15) The
diagenetic model accounts for the absence of modern
deposits like the Buckeye by having them form beneath
the seafloor but does not explain the absence of modern
equivalents of the associated interbedded cherts and
metashales, which must have formed on the ocean floor.
Until the modern environment for deposition of interbed-
ded chert and shale is found, the modern environment for
deposition of a Buckeye deposit cannot have been found.

Our model, based on a cool hydrothermal system,
combines diagenesis to dissolve the manganese incorpo-
rated in the sediment column, fluid flow to transport the
Mn, and precipitation at the seafloor to develop the fine
laminations and diversity of compositions. These pro-
cesses will be discussed in the sequence in which they
interact with fluid in the sediment pile.
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Oxic and mildly suboxic diagenesis occurs near the top
of the sediment column. This process consumes buried
organic matter using, as an oxidant, oxygen that is
dissolved in the pore fluid, that is bound to quadrivalent
Mn, or that diffuses (as molecular O,) downward from
the water column. The Mn "2 produced is dissolved in the
pore fluid. Some CO, dissolves to form H,CO; and
HCO;. At the same time, the fluid equilibrates with
opaline skeletal debris, taking some silica into solution.
Deeper in the sediment column, intensely suboxic and
anoxic conditions oceur, but any Fe*?, H,S™, and CH,
produced under these conditions are precipitated in place
or, if they migrate upward, oxidized and perhaps precip-
itated before they reach the upper levels. The oxidants
are carried by fluids that pass through the sediment
column. Iron is precipitated as oxyhydroxide (or sulfide),
HS™ is converted back to SO;2, and CH, is oxidized to
CO, with negative 5'C before reaching the mildly sub-
oxic and oxic zones. Some CO, and CH, may move as
vapor bubbles. An important element of the diagenetic
portion of the model is that any anoxic fluids are neutral-
ized (made mildly suboxic) by interaction with oxic to
suboxic fluid—either slightly modified seawater that
circulates beneath the seafloor or pore fluids expelled by
compaction from deeper and less organie-rich (or less
reactive) sediments. The results are a supply of aqueous
fluid carrying dissolved species of Mn, CO,, and SiO,, the
absence of sulfides, and Fe-poor precipitates, as
observed at the Buckeye deposit.

The source of the manganese is enigmatic. Mafic
voleanic rocks, which appear in models for seafloor
mounds, are not part of the stratigraphic column at the
Buckeye, although such volcanic rocks are spatially
associated with many other manganese deposits in the
Franciscan Complex. The most likely source of manga-
nese is the sediment column, including the interbedded
chert-metashale, as in the diagenesis model of Hein and
Koski (1987), or the graywacke, from which manganese
could be leached and transported in the divalent state by
relatively reducing solutions. The source sediment could
lie below the deposit or be laterally displaced from it. The
source might even be a lithology that is not represented
in the Grummett broken formation.

Dissolved constituents, and perhaps included vapor
bubbles, were transported by fluids that flowed within
the sediment column and vented at the seafloor. The
forces driving the fluids were heat and (or) pressure.
Heat would cause convection that draws fresh, oxygen-
ated seawater into the sediment column; favored pas-
sageways would be channels that open to the seafloor. As
a result of sediment compaction, pressure would expel
fluids into channels and upward toward the seafloor. In a
tectonically active environment, such as that in which the
Buckeye formed, semiconsolidated and consolidated sed-

iments would be expected to have been fractured and to
influence fluid flow at higher levels, much as fractures in
sediment-covered basalts are thought to influence the
distribution of mounds and vents near midocean ridges.
Fractures, ranging from the quartz- and carbonate-
bearing shear zones that separate broken formations
(fig. 1B) to veins that cross Mn-rich sediments but do not
deposit Mn minerals (figs. 44,E,J) are evidence that
moving fluids were channeled. In one case (fig. 44, B87),
hausmannite-rich layers became more carbonate rich
near the vein, suggesting that the vein fluid had lower
redox potential than the original sediment and was
COy-rich. Fluid flow permitted scavenging of Mn from
distances greater than diffusion fields, separation of the
anoxic region of methane generation from that of ore
precipitation, and rapid delivery of ore-forming constit-
uents. The ephemeral nature of vein systems, which
open and close in response to tectonic disturbances,
subsidence, and precipitation, provides a means for
quickly turning the supply of ore-forming constituents on
and off, leading to groups of orebodies, each with sharp
boundaries against the enclosing cherts.

Mixing of fluid from within the sediment column with
fresh seawater and subsequent precipitation on the sea-
floor satisfies many of the observed constraints. There
will be no residues—as phases or chemical signa-
tures—of a replaced lithology. Because the composition
of the mixed fluid will vary with the composition of the
subsurface fluid, the flow rate of the vented fluid, and the
degree of mixing with fresh seawater, the nature of the
precipitated layers may change with time or distance
from the vent and may show cyclical variation, and the
layers may be thick or thin. The model permits rapid
delivery of ore-forming materials, necessary to avoid
contamination (terrestrial, hydrogenous, or diagenetic),
and rapid precipitation from the fluid mixture, necessary
to localize the deposit.

Changes in the fluxes supplying chemical components
to the depositional site varied and caused compositional
layering within the orebody. These variations must have
been rapid, perhaps on the scale of seasonal climatic
variations that, through winds, affected the upwelling of
nutrients and that have been shown to affect the rates at
which diatom tests are supplied to the seafloor (Honjo,
1982; Takahashi, 1986). Fluids from the sediment column
probably provided fluxes of dissolved Mn, SiO,, CO,, and
minor to trace amounts of the “hydrothermal” elements
such as Zn. Seawater probably contributed fluxes of O,,
MgO, and minor and trace amounts of Ba, Mo, V, and
S0,. The composition of the seawater itself may have
varied, particularly with respect to dissolved O,, which
could vary seasonally. Thus, the valence of Mn in indi-
vidual protoliths, and the Ce anomaly, could depend not
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only on the ratio of fluids in the mixture but upon the
composition of the seawater component.

DIAGENESIS AND METAMORPHISM

The relatively oxidized sediments (Mn*® is present)
were preserved rather than subsequently modified by
diagenesis. Had the Mn-rich precipitates experienced
suboxic diagenesis after burial, braunite, and perhaps
hausmannite, would not have survived. We presume that
little organic matter was buried with the Mn-rich and
surrounding sediments or, if present, that it was isolated
from the deposit.

Our observations provide seemingly contradictory evi-
dence for the existence of a fluid phase during diagenesis
and metamorphism. By analogy with modern marine
sediments, we presume the initial graywacke sands,
cherts, shales, and Mn-rich layers were very water rich.
Veins of quartz, aragonite, and calcite clearly mark fluid
pathways. However, the non-uniform distribution of
jadeite within the Grummett broken formation, the
presence of relic gel-like materials within the orebody,
and the preservation of oxidized Mn (in braunite) suggest
the absence of a fluid phase that would promote recrys-
tallization or regional redox equilibrium. To reconcile
these observations, we propose that compaction during
burial and subsidence expelled most of the trapped pore
fluids throughout the section, leaving relatively dry (and
thus unreactive) materials, such as chert. Subsequent
fluid loss at metamorphic pressures was concentrated
along the contacts between the broken formations, at
some distance from the Buckeye orebody. These contacts
were kept open to fluid loss by shearing, which appears
to have been sufficiently intense, in some cases, to
transport dense blocks of glaucophane-bearing schists.
Fluid in these shear zones may ultimately have reached
seafloor vents. Higher metamorphic temperatures at
greater depths may have caused decomposition of the
clay- and chlorite-rich matrix of the metagraywackes,
providing an additional source of fluids.

The Mn-rich mineralogy at the Buckeye provides a
clear record of high oxygen-fugacity values during meta-
morphism. The occurrences of braunite and hausmannite
clearly record an intrinsic oxygen fugacity that is orders
of magnitude greater than that of the surrounding gray-
wackes (Huebner, 1967, 1976), which contain ferrous
silicates (table 5) and, probably, organic matter. Because
this fO, is so high, it cannot have been brought about by
metamorphic equilibration with surrounding rocks and
must reflect the premetamorphic history of the sedimen-
tary environment (Huebner, 1967). Huebner (1969, p.
476) suggested that there might be oxidation halos
surrounding such highly oxidized orebodies. In the case
of the Buckeye, the surrounding interbedded chert and

metashale are highly oxidized, but this state is probably
a primary rather than a secondary feature. It is more
difficult to read the metamorphic temperatures and
pressures. One difficulty is the absence, in the Buckeye
deposit, of mineral associations that can be proven to be
equilibrium assemblages. By analogy with howieite,
which is thought to be stable only at high pressure and
low temperature (Lattard and Schreyer, 1981), the
occurrence of the mineral taneyamalite might indicate
high pressures of formation. Calculations by Huebner
(1967) indicated that the partial pressure of CO, at the
stage recorded by the mineralogy was an order of
magnitude less than the total pressure estimated from
the mineral assemblages in the metagraywacke. Either
no fluid phase was present or the fluid was dilute with
respect to CO,. At such high f0, values and equilibrium,
CO, CH,, and H, would not be abundant species. There-
fore, any fluid present during metamorphism must have
been aqueous. But preservation of relic gel-like materials
suggests that an aqueous phase was not present during
metamorphism and therefore that no fluid was present.

REGIONAL FRAMEWORK

The spatial and temporal relations between the sites of
Mn deposition and deep burial (blueschist-facies meta-
morphism) are enigmatic. Convecting fluid, even cool
water, requires a heat source, yet rapid subsidence that
generates 5-8 kbar pressure without exceeding 150-200
°C requires a small regional thermal gradient. If the
Buckeye Mn lenses were precipitated from fluids driven
by a heat source, it must have been highly localized,
decayed before subduction, or moved relative to the
lenses. However, if manganese and CO, were dissolved
in, transported by, and precipitated from fluids expelled
by compaction of the sediment pile, it is conceivable that
no heat source would be necessary.

POSSIBLE ENVIRONMENTS

Mn-rich mounds have been observed to form in oceanic
island arcs and oceanic spreading centers, where they
are associated with high heat flow and nearby hot or
warm fluids. If cooler fluids can leach manganese and
iron from the sediment column, Mn-rich mounds might
oceur in two additional environments. One is the abyssal
floor at great distance from the midocean ridge. Here,
hemipelagic sediments should be underlain by mafic and
ultramafic ocean crust. Were serpentinization and other
alteration processes not completed in the crust-forming
ridge environment, they would continue, albeit at much
lower temperatures, as the crust moved away from the
ridge, releasing sufficient heat to drive fluid convection
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and causing an increase in rock volume (Fyfe, 1974). This
volume increase might fracture the overlying sediments,
thereby channelling fluids. In the geologic record, these
deposits would be found associated with hemipelagic
sediments but, unless subsequently juxtaposed by tec-
tonics, probably not with graywacke turbidites. Another
environment is the top of a subduction complex. Water-
rich sediments in the trench (or surficial expression of
the subduction complex) would release cool pore water as
they were subducted. The boundaries between slabs of
sediments would serve as channels for escaping fluids.
Vents or chains of vents might oceur on the walls of the
trench. If cool fluids are able to leach manganese from
the sediments, mounded deposits of Mn-rich precipitates
might form on the trench walls.

In which palecenvironment were the Buckeye deposit
and related sediments of the Grummett broken forma-
tion deposited? Raymond (1974, p. 145) originally pro-
posed that the Franciscan rocks of the Mount Oso area
were deposited in an environment characterized by “a
combined trench-abyssal ocean-floor plus ocean ridge.”
Subsequently (Raymond, 1977) he associated the manga-
niferous sediments with seafloor spreading centers. Sny-
der (1978) reviewed the literature on manganese de-
posits associated with chert-greenstone complexes,
including deposits in the Franciscan Complex, and chose
environments in which oceanic hot springs could form:
oceanic spreading centers, marginal oceans, and the base
of island arcs and oceanic islands. Crerar and others
(1982) favored an oceanic spreading center over island
arcs, back-arc spreading centers, and convergent plate
margins. Hein and others (1987) interpreted the Fran-
ciscan sediments of the Ladd-Buckeye district as having
been deposited near a continental margin, then made
reference to possible fore-are, back-are, and rifted con-
tinental margin settings. Subsequently, Hein and Koski
(1987) advocated a deep, rapidly deposited continental
margin facies, such as the Yolla Bolly terrane of northern
California described by Blake and others (1982). Ray-
mond (1988) disagreed with the analogy because it refers
to chert-poor lithologies, whereas the Grummett broken
formation is chert rich.

To choose the most appropriate environment, we need
first to review the facts that serve as boundary condi-
tions for the range of possible environments. (1) The
cobble conglomerate exposed near the base of the Grum-
mett unit must have been derived from an environment
with substantial topographic relief and must have been
deposited relatively near its source. (2) There must have
been three or four sources for the clastic sediments and
pathways by which detritus could move from each source
to the depositional environment. (3) These sources sup-
plied quartz-rich but lithie-fragment—poor sands. (4) The
boundaries between conglomerate, metagraywacke,

interbedded chert and metashale, and the manganese
deposit are primary sedimentary contacts. Thus, the
depositional environment must be capable of generating
these four basic lithologies in a continuous stratigraphic
section. (5) The chert layers are turbidites that were
deposited in an environment that was intermittently
exposed to a supply of coarse detritus. (6) The manga-
nese deposit has the size, morphology, and trace-element
composition of a deposit that is genetically associated
with a seafloor vent. (7) The compositional layering of the
orebody signifies an environment in which the deposi-
tional parameters changed frequently. (8) Mn deposits
such as the Buckeye are invariably associated with chert
and shale. Mn deposits are not enclosed in graywacke. (9)
Some Mn deposits, unlike the Buckeye, are associated
with basalt. (10) The metagraywacke and enclosed sedi-
ments at the Buckeye were together subjected to the
high pressures and low temperatures characteristic of
subduction complexes at continental margins. Given
these boundary conditions, we can eliminate two envi-
ronments.

The abyssal floor model is unsuitable. Unlike the
environment in which the Buckeye formed, the abyssal
environment has low topographic relief and lies far from
possible sources of the cobble conglomerate and quartz-
rich graywacke. Although possible sources of heat are
mantle hot spots or serpentinization of heretofore unal-
tered oceanic crust, serpentinization is unlikely. Were
this process to operate, fluids convecting through the
sediment pile must have supplied the H,O necessary for
serpentinization and, by association, become alkaline
(high pH). Such fluids would be too alkaline to leach and
transport manganese and iron (Barnes and O’Neil, 1969).
Thus, even though the ocean crust with its mantle of
abyssal sediments might be carried into a subduction
complex, the erust is unlikely to arrive with manganese
deposits such as the Buckeye.

Deposition of manganese within the trench is an
appealing hypothesis because it directly involves the
subduction complex and provides a mechanism for bring-
ing together sediments of diverse origins. We postulate
two variations on the model associated with trenches. In
the first, the fluid-expulsion model, compaction within
the pile forces Mn-bearing fluids upward along shear
zones between subducted slices of terrane. Because the
dominant lithology is graywacke and the observed shear
zones are in graywacke, we would expect at least some
deposition of Mn-rich lenses on graywacke sands. The
fact that the Mn-lenses are invariably associated with
chert, a minor lithology, contraindicates the first mech-
anism. Further, the model also fails to explain the
presence of submarine basalts, which underlie the cherts
that are associated with many Mn lenses in the Fran-
ciscan Complex and elsewhere. If the Buckeye formed by
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the same set of processes that formed the Mn deposits
that are closely associated with basalt, the model in
which fluids were expelled by compaction is also inap-
propriate for the Buckeye deposit.

The second trench-related hypothesis involves the
subduction of a midocean ridge at a continental margin.
A possible modern example is the collision of the Chile
Rise with the Peru-Chile trench (see Forsythe and
others, 1986). In this model, the continental margin is a
region of oceanic upwelling that brings nutrient-rich
waters to the surface and causes high organic productiv-
ity (radiolarians). As the ridge (with its grabenlike
topography) approaches the trench, chert and shale are
deposited in protected basins, either directly on ridge
basalt or on graywacke. Graywacke sands and conglom-
erate, derived from dissected, quartz-rich continental
crust, flow into the trench and periodically spill into
protected basins on the oceanic side of the trench axis,
blanketing all other lithologies. Some coarse conglomer-
ates and graywackes are locally derived from trench
walls that oversteepen and collapse. The distal portions
of both locally derived and distant flows provide a
continuous supply of fine detritus that settles slowly to
form shale. Shale deposition is frequently overwhelmed
by flows of sands derived from the sites where the debris
of radiolarians settles. Thus, the scene is set for Mn
deposition on chert that can be both closely associated
with, and distant from, basalt. Residual heat from the
decaying ridge or from short-lived, near-trench thermal
events (predicted by DeLong and Fox, 1978) drives fluid
circulation that leaches, transports, and deposits Mn by
the processes previously discussed. The residual heat is,
in most cases, insufficient for continued basaltic magma-
tism. Some fluid could also be driven by expulsion from
the sediment pile. Subduction buries the Mn deposit and
may tectonically dissociate the Mn mounds or lenses (and
their host rocks) from oceanic basement and crust formed
at the ridge.

To be acceptable for the Buckeye deposit, the ridge-
trench model must be compatible with the evolution of
what is now western California. Schweikert and Cowan
(1975), Dickinson and others (1982), Ingersoll (1982), and
Seiders and Blome (1988), who drew upon numerous
earlier studies, provide useful summaries. In Middle
Jurassic time, there existed a west-facing continental-
margin arc and, to the west, an east-facing oceanic are.
Farther to the west, there must have been a spreading
center (source of oceanic crust) such as the back-arc
spreading center of Ingersoll (1982). By Late Jurassic to
Early Cretaceous time (the dates of microfossils within
the Grummett broken formation), the oceanic crust
between the two arcs had been subducted, leaving
the single westward-facing Sierran-Klamath magmatic
arc complex, trench, and remnant of the spreading
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FIGURE 15.—Possible mechanism for the creation of the paleo-
depositional environment for the Buckeye protoliths, adapted from
Dickinson and others (1982) and Ingersoll (1982) with embellish-
ments. Drawn not to scale but to emphasize features of the deposi-
tional environment. During the Late Jurassic, an oceanic spreading
center (OSC) with median valley containing restricted basins
approached the continental margin, a source of quartz-bearing sands.
The spreading center was consumed by subduction by Early Creta-
ceous time. If the spreading center was still warm as it approached
the trench and subduction complex (TSC), hydrothermal Mn-rich
deposits (Mn, black), and hemipelagic sediments (HPS, cherts and
shales) could form near the continental margin, perhaps in locally
sheltered basins or along remnants of the median valley (MV).
Turbidity flows of sand, originally derived from the dissected
Sierran-Klamath magmatic arc (DMA), flowed longitudinally north-
ward along the axis of the trench and fanned outward, forming
massive graywackes (stippled). Episodically, major sand-laden cur--
rents overflowed the restricted basins, permitting the stratal inter-
layering of hemipelagic sediments and graywackes. Other abbrevia-
tions: SL (sea level); GVS (Great Valley sequence) deposited on CRO
(Coast Range ophiolite); OC and CC (oceanic and continental crust,
respectively); FAB (forearc basin); SC (subduction complex).

center (fig. 15). The Great Valley sequence was depos-
ited in the forearc basin immediately to the west of the
eroded arc complex. Farther westward, Franciscan sed-
iments flowed both westward and longitudinally from the
south. These sediments were deposited along (and
fanned westward from) the break in slope formed where
the eastern trench slope and the oceanic crust met. At
the same time, oceanic crust east of the remnant spread-
ing center was consumed by the trough-subduction
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complex, bringing the spreading center toward the
trench. If the spreading center was still warm as it
approached the trench, or if fluids were expelled from
the sediment pile, the scene was set for operation of the
ridge-trench model as outlined above. Manganese depos-
its and cherts, some but not all associated with basalt,
formed. Subsidence and deep burial deformed the sedi-
ments, expelled fluids, and caused the blueschist-facies
overprint.

SUMMARY AND FUTURE WORK

Textural, mineralogical, microchemical, and trace-
element data collected from similar (and spatially
related) metasediments from the Buckeye deposit sug-
gest that manganese carbonate, silicates, and oxides
were deposited at the seafloor from dilute mixtures of
hydrothermal fluid with seawater. Although similar
deposits have been described in the literature, our data
focus on well-characterized individual sedimentary lay-
ers rather than on individual mineral grains within a
layer or on groups of layers. The chemistries of the
individual layers and laminations record fluctuations in
the marine environment, caused in part by periodic flows
of radiolarian sand. At the Buckeye, the contrasting
layer compositions record eight sedimentary compo-
nents, which must contain valuable clues to the geochem-
ical and sedimentological variables in both ancient and
active marine environments. No doubt other manganese
deposits formed in a similar environment, but to our
knowledge the Buckeye is the only described deposit that
reveals more than one Mn-silicate protolith. The appar-
ent uniqueness of the Buckeye is probably due more to
the inadequacies of available deseriptions than to any
singularity in the geologic record. It is also possible that
similar deposits are forming on the seafloor today.

We need to be certain that the reasoning leading to the
characterization of Mn-forming environments and proc-
esses does not become circular. Especially frail is the
path of reasoning (1) chert and layered manganese
deposits that are closely associated with basalt are
voleanogenic, (2) therefore most chert and layered man-
ganese deposits, even those not associated with basalt,
have a voleanogenic origin, and (3) a particular layered
manganese deposit formed by voleanogenic processes.
The discovery and characterization of actively forming,
laterally restricted volcanogenic-hydrothermal Mn-oxide
deposits has done much to strengthen the reasoning, but
interbedded manganese oxides, silicates, and carbonates
have not yet been found in modern environments, and
laterally extensive deposits occur in the geologic record.
Until we know why these ancient layered deposits differ
from the actively forming deposits, we eannot be certain
that the depositional environments are similar.

Detailed studies of the Buckeye deposit provide a basis
for two research directions, now being undertaken. (1)
We are attempting to characterize the chemical signa-
ture of each sedimentary component in order to verify
the sources of each of the chemical constituents and to
discover the nature and causes of the variations in the
seafloor environment. In particular, we want to develop
criteria that will enable us to distinguish between mafic
igneous rocks and the sediment column as sources of
manganese, iron, and base metals, and we want to make
firm our hypothesis concerning the role of biogenic silica.
We hope that the results of this effort will help us
understand the origin of laterally extensive stratiform
manganiferous sheets that are not associated with chert.
(2) We are using petrographic and microchemical crite-
ria, developed with reference to the Buckeye deposit, to
determine the protoliths of deposits that have lost their
obvious primary characteristics due to pervasive meta-
morphism. If correctly read, such deposits may be valu-
able paleoenvironmental indicators in high-grade meta-
morphic terranes.
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